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Abstract 
A quantitative palynofacies study of thermally immature Middle Jurassic sediments of Skye, Raasay, 
and Eigg has been undertaken in order to examine kerogen and palynomorph distributions in relation 
to various potential controlling factors (lithology, lithofacies, depositional environment, sequence 
stratigraphy). This has involved performing rigorous kerogen and palynomorph counts on 440 
samples from 12 localities (average sampling density 5 per metre in sampled sections), supported by 
250 TOC and 57'Rock-Eval' pyrolysis analyses. 
The facies of the Middle Jurassic sediments of the Inner Hebrides range from subtidal marine to 
freshwater alluvial mudflats. The succession is divided into three major units: the Bearreraig 
Sandstone Formation (Aalenian-Bajocian) which is 400m thick, and represents the deposition of tidal- 
subtidal sand sheets, the ? Bathonian Great Estuarine Group (250m thick) which represents a range of 
mostly lagoonal-deltaic freshwater to hypersaline facies, and finally the Staffin Bay Formation (lower- 
middle Callovian; thickness 18m) which represents a transgressive lagoon-barrier bar complex. 
The extent of lithological control on assemblages has been established by comparing parameter values 
in different lithologies to the palynological 'norm' of shale, and by the use of discriminant function 
analysis (DFA). The former approach has shown that lithological effects can be identified even when 
changes in lithology are only subtle (e. g. shale to silty shale); the high overall classification accuracies 
obtained from DFA support a strong lithological control. The dominant lithology of sections has also 
been shown to strongly affect kerogen assemblages; shales from sand-dominated intervals have 
reduced %AOM and increased %phytoclasts; the DFA overall classification accuracies suggest that 
dominant lithology may actually exert a stronger control on kerogen assemblages than does lithology. 
The nature of other potential controlling factors has also been established using DFA, together with 
cluster and factor analysis, and this has been combined with visual examination of stratigraphic 
variation in individual parameters. These results suggest that proximal-distal variation is the strongest 
single control on assemblage composition, with variations in palaeosalinity showing increased 
importance 'locally in the Lealt Shales and Duntulm formations. The DFA results suggest that the 
formations are the most distinct (of any) subdivisions of the succession present. In most cases the 
kerogen variables are better at distinguishing the different subdivisions of the succession, but the 
environment classification of Hudson and Harris (1979) is best distinguished by the variables derived 
from the palynomorph counts. Sequence stratigraphic changes are best reflected in the black 
equant: lath shaped wood ratio, which shows an increase in equant particles through regressive cycles; 
and an increase in laths over transgressive boundaries. 
The detailed subdivision of the phytoclast group has permitted the calculation of a phytoclast 
preservation index (PPI) which summarises the overall degradation state of the phytoclast assemblage 
for each sample. The highest PPI values (= most refractory phytoclast assemblages) are found in the 
mudflat-alluvial facies of the Skudiburgh Formation, lowest PPI values, reflecting 'fresh' phytoclast 
input, are found in the transgressive Staffin Bay Formation. 
The TOC values are generally <2.5%, but reach up to 3-4% in parts of the Dun Caan Shales Member 
(Bearreraig Sandstone Formation) and the Lonfearn Member (Lealt Shales Formation), and 6-8% in 
the Upper Ostrea Member (Staffin Bay Formation). Hydrogen Index (HI) values mostly fall below 300 
(organic facies C or CD), but are increased in parts of the Lonfearn and Upper Ostrea members (400- 
500, organic facies B), and particularly in the Kilmaluag Formation where values of over 800 are 
found (= organic facies AB). The correlation between the optical and geochemical data varies from 
very poor to very good. In some cases TOC is correlated with %AOM, and also %Botryococcus. 
Multiple regression on the HI suggests that in most cases %AOM is the variable best correlated with 
the HI; this procedure has allowed the calculation of a predicted HI value for all 440 samples. 
m 
Preface 
The palynofacies technique has been used extensively in the discrimination and 
subdivision of siliciclastic reservoir sequences of the UK onshore and North Sea, and 
its use looks set to continue with the increasing industrial demand for quantitative 
palynofacies data. In order to critically evaluate the potential of the palynofacies 
technique in studies of Middle Jurassic siliciclastic facies, two complementary' Ph. D. 
investigations have been undertaken in the Fossil Fuels and Environmental 
Geochemistry (Postgraduate Insitute), Newcastle-upon-Tyne (the other by Adrian 
Piper). This particular study concerns the Middle Jurassic sediments of the Inner 
Hebrides. The Middle Jurassic was chosen because it is coeval with the Brent reservoir 
sequence of the North Sea and similar sequences from other offshore basins which 
have recently been assessed for their hydrocarbon potential. The Inner Hebrides 
sequence has been used because the stratigraphic control is good, and the sediments 
have been extensively studied in terms of their sedimentology, palaeontology, and 
palaeoecology. They also present a wide range of sedimentary environments. 
As used in this study, the palynofacies technique involves the quantitative examination 
of both the total kerogen and palynomorph distributions in the sediments studied, and 
their correlation with bulk organic geochemical analyses (TOC and Hydrogen Index). 
The kerogen and palynomorph distributions have been examined within the context of 
the following aims: 
a) To assess the influence of sediment grain size and lithology on organic matter 
character. 
b) To determine the inter- and intra-facies, vertical and lateral variations in organic 
matter assemblages with reference to depositional environment, lithofacies, 
palaeosalinity, proximal-distal variation, and sequence stratigraphic controls. 
c) To investigate the extent and nature of the correlation between the optical and 
geochemical data. 
d) To determine the usefulness of multivariate statistical techniques in the 
interpretation of quantitative palynofacies data. 
e) To assess the relative usefulness of total kerogen versus palynomorph data, and 
the relative resolution achievable with each. 
iv 
f) To determine the extent to which the palynofacies results agree with previous 
interpretations of the sediments studied. 
g) To provide an assessment of the potential usefulness of the palynofacies 
technique in sub-surface reservoir studies. 
This thesis has been arranged into eleven chapters. The first three describe the area 
under study and present the methods used, while the next seven present the results. 
The first two results chapters consider the effect of lithology and trends in the mean 
values (which give a general overview of the dataset). The next two deal with 
particular aspects of the data (geochemistry and phytoclast preservation index). These 
are followed by two chapters dealing with multivariate statistical analysis of the data. 
In the penultimate chapter the palynofacies data is examined in a stratigraphic context, 
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The distribution of organic matter in sedimentary rocks results from interaction 
between the biosphere and geosphere, the study of this material requires an 
understanding of: 
a) The environmental controls which govern the production of organic matter in the 
biosphere. 
b) The ecological and sedimentological processes which control the distribution and 
decomposition of organic matter. 
c) The biogeochemical and geomicrobiological factors which influence the 
preservation of organic matter. 
d) The geochemical--nd physical processes which determine the modification of 
organic matter during its incorporation into the geosphere. 
(after Tyson, 1995) 
These factors result in a complex interrelationship between the origin, transport and 
deposition of organic', particles (Traverse,, 1994; Fig. 1.1). The study of this 
sedimentary organic matter therefore requires a multidisciplinary approach, perhaps 
more so than many other areas of earth science (Tyson, 1995). 
In this study transmitted light microscopy and bulk organic - geochemical methods 
(Table 1.1) have been used to characterise the particulate organic matter present in 
sedimentary rocks from the Middle Jurassic of the Inner Hebrides (section 1.3). The 
main emphasis of this work is palaeoenvironmental, but where appropriate 
hydrocarbon' source rock potential has been discussed. 
Microscopy Geochemistry 
Transmitted light Total Organic Carbon (TOC) 
Incident blue light fluorescence 'Rock-EvaP pyrolysis 
Table 1.1. Analytical techniques used in this study. 
1 
Formation of spores & pollen In 
sporangia/pollen sacs of plants 
I 'k-strategy' 'r-strategy' 
l 1 
Limited number of Mixed strategy Very abundant spores or pollen, usually disseminules, carried with flight-adapted morphology 
by animal vectors. j Ilsosporous ferns, Anus. Ambtoliml 
not abundant in sediments 
(Magnolia, Catalpa) Some anglosperms, 
Intermediate In pollen 
abundance (7711., Acer) 
/// ChMnous-walled 
fungal spores and hyphae 
Transportation in the atmosphere 
Weathering and 
erosion of sedimeniary Transportation in stream Water 
rocka, releasing 
palynomorphs, reworking ' 
na recycunq I`º I L' 





Marine animal production of 
palynomorphs: chitinozoons, 
scolecodonts, 'microforams' 
Transportation & deposition 
beyond the shelf In 
fully marine environments 
Dinocysts, acritarchs, 
presinophytes and 
other algae of 
marine environments: 
palynomorphs & palynodebrls 
Structured & amorphous 
biomass debris (mostly plant 
tissue fragments and degradation 
residues) - D. Hnodebrls 




dinocysts. and other algal 
of fresh and brackish water 
+ autochthonous palynodebris 
ua: nn mffocllTmoNous UM SOURCE 
(Z) l, -- awmn AuoamaNOUS . 
Fig. 1.1. The complex origin, transportation and deposition of robust organic 
particles. The size of the arrows indicates the approximate relative magnitude of 
particle movements (taken fr' om Traverse, 1994). 
2 
1.1 Palynofacies 
The term palynofacies was first introduced by Combaz (1964) in order to describe the 
palynological study of the total assemblage of particulate organic matter contained in a 
sediment following the removal of the sedimentary matrix by hydrochloric and 
hydrofluoric acid. Prior to this palynology was exclusively concerned with the study of 
palynomorphs (discrete organic walled microfossils) for biostratigraphic and 
palaeobotanical applications. Subsequently it was realised that the character of the 
total organic matter assemblage could be used to determine the depositional 
environment and the type of hydrocarbons that would be expelled from the rock on 
thermal maturity (Tyson, 1995). 
Tyson (ibid., p. 3) states that palynofacies analysis involves the identiücation of the 
individual particulate components, assessment of their absolute and relative 
proportions, and their size and preservation states. He (p. 4) defines palynofacies 
analysis as: 
" The palynological study of depositional environments and hydrocarbon source 
rockpotential based upon the total assemblage of pärticulate organic matter. " 
Individual palynofacies units are defined as: 
"A body of sediment containing a distinctive assemblage of palynological organic 
matter thought to re, Elect a specific set of environmental conditions, or to be 
associated with a characteristic range of hydrocarbon generating potential. " 
Some workers have defined palynofacies purely in terms of palynomorph assemblages 
(e. g. Traverse, 1988). Traverse (1994) suggests that the term 'palynolithofacies' be 
employed if the palynological organic matter is used to indicate information about the 
enclosing rock, and 'palynobiofacies' used to describe the relationship between the 
palynomorph (and palynological organic matter? ) assemblage and the biosphere. The 
combined term 'palynobiolithofacies' is suggested for the results of studies where the 
goals are elucidation of the enclosing rock and the biosphere association from which 
the palynomorphs are derived. In this study the definitions of Tyson (1995) have been 
used throughout. 
3 
1.2 Organic facies 
The organic facies concept resulted from the integration of microscopy and bulk 
organic geochemical methods, particularly relating to the prediction of the likely 
occurrence of hydrocarbon source rocks as a function of depositional environment 
(e. g. Jones, 1987). Jones (ibid., p. 2) defines an organic facies as: 
"A mappable subdivision of a designated stratigraphic unit, distinguished from 
the adjacent subdivisions on the basis of the character of its organic constituents, 
without regard to the inorganic aspects of the sediment. " _" 
Tyson (1995, p. 5) defines an organic facies as: 
"A body of sediment containing a distinctive assemblage of organic constituents 
which can either be recognised by microscopy, or is associated with a 
characteristic bulk organic composition. " 
These definitions show that the organic facies concept is very similar to the -. 
palynofacies concept, but lacks the reference to a specific methodology or analytical 
technique. Palynofacies assemblages can therefore be viewed as palynologically defined , 
organic facies (Tyson, 1995; e. g. Habib, 1982). Tyson (ibid) considers palynofacies 
analysis the single most discriminating technique for characterising organic facies due. . 
to the direct nature of the observation of what is in the sediment, and the increased 
number and diversity of parameters that can be generated from palynofacies data . 
compared with bulk organic geochemical techniques. This allows the analysis of more 
detailed and subtle variations in the environment of deposition and organic matter 
source and preservation (Tyson, 1995). Therefore, if organic facies units are defined by 
bulk organic geochemical techniques there can be significant variation in palynofacies 
assemblages within these individual units. In this study the term organic facies has been 
used only where the results of microscopy and bulk organic geochemistry have been 
combined in order to define the organic facies sensu Jones (1987). This avoids-', 
confusion with the palynofacies which have been defined using microscopy only and 
the kerogen Types which have been defined using'Rock-Eval' pyrolysis. 
4 
1.3 Geological background and previous research 
The Mesozoic sediments of the Inner Hebrides rest unconformably on Precambrian or 
Palaeozoic basement and are overlain by Cenozoic lavas; they are also cut by Cenozoic 
volcanic intrusions (Hudson, 1983). The Jurassic succession is around 1000m thick 
and is of varied lithology, with silty - shales and sandstones predominating over 
limestones and shales. Much of the sequence can be correlated with the standard 
ammonite zones recognised in England and Northwest Europe (Cope et al., 1980; 
Hudson, 1983). The Middle Jurassic is around 500m thick and consists of three major 
divisions: The Bearreraig Sandstone Formation, The Great Estuarine Group, and The 
Staflin Bay Formation. The overlying Stalin Shale Formation begins in the middle 
Callovian but is mostly Upper Jurassic in age (Hudson, 1983; Table 1.2). 
1.4 Structure 
The Hebrides Basin formed part of an extensive system of fault controlled Mesozoic 
basins developed on the Eastern Atlantic continental margin between the Lusitanian 
Basin of Portugal and the East Greenland Basin. These basins, now isolated, have a 
common tectonic history, and evolved in an extensional tectonic setting during a rifting 
phase in the North Atlantic (Morton, 1992a). The Hebrides, Celtic Sea, Porcupine, and 
West of Shetland basins all have common features, particularly during the Upper 
Triassic to Middle Jurassic (Morton, 1987,1989,1990a, 1992a, 1992b); Figure 1.2 
shows that each is characterised by two episodes of a three phase evolution of i) 
extension (late Triassic-early Sinemurian and latest Toarcian-late Bajocian), ii) 
subsidence (mid Sinemurian-earliest Toarcian and late Bajocian-late Bathonian), and 
iii) stability (Toarcian and late Bathonian-Callovian). This common history also 
extends to the basins of the northern North Sea which formed part of the Atlantic rift 
system (Morton, 1992a; see Morton et al., 1987 for a detailed review of the latter 
basins). 
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,A je Thickness Lithostratigraphy Facies 
Bathonian- 8-18m Staffin Bay Formation Transgressive 
Callovian shallow marine 
Bathonian 137-264m Great Estuarine Group Paralic; 
lagoonal-deltaic 
Aalenian- 38-488m Bearreraig Sandstone Shallow marine 
Ba'ocian Formation sand sheet 
Table 1.2. Middle Jurassic lithostratigraphy andfacies. 
GENETIC SEQUENCES 
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Fig. 1.2. Tectonic phases in the evolution of the Hebrides Basin. The genetic 
sequences relate to those discussed in section 1.9, D, E and F represent the Middle 
Jurassic units examined in this work; D= Bearreraig Sandstone Formation, E= 
Great Estuarine Group, F= Staffin Bay Formation (taken from Morton 1992b). 
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1.5 The Hebrides Basin 
The Hebrides basin is a north-south oriented half graben some 50-60 miles wide. It is 
bounded on its western margin by the Minch Fault Zone, but its eastern margin is 
unfaulted and lies near the coastline of the present day mainland of Scotland (Morton 
et al., 1987; Morton, 1992b). Internally the basin is divided by the Camasury- 
Skerryvore Fault into the Sea of the Hebrides Block to the north and the Inner 
Hebrides Block to the south (Morton et al., 1987; Morton, 1992b; Fig. 1.3). The 
effect of this fault, and the associated potential structural high (the 'mid Skye 
palaeohigh') during the Middle Jurassic is controversial. Binns et al. (1975) first 
identified the structure and used it to divide the Hebrides Basin into two half graben 
basins, the Sea of the Hebrides Basin and the Inner Hebrides Basin; subsequent Work'., 
on Triassic palaeogeography (Steel 1977), and the Great Estuarine Group (Andrews, 
1985; Harris, 1989; Andrews & Walton, 1990; Harris, 1992) has generally supported 
this division. However, Hudson (1980) states that during the transgressive argillaceous 
episodes within the Great Estuarine Group the Inner Hebrides behaved as a single 
Minch Basin. Morton et al., (1987) and Morton (1992b) state that movement on the 
Camasury Fault was mainly post-Jurassic and that the Hebrides Basin acted as one unit 
during Middle Jurassic sedimentation, although there may have been some fault 
activity during the Aalenian-Bajocian that affected the depositional style of the 
sandstones (Morton, 1983); the latter evidence was used by Andrews and Walton 
(1990) to support the 'two basin' hypothesis (see Morton, 1992b and Harris, 1992 for 
detailed discussion of both theories). It should be noted that the 'mid-Skye palaeohigh' 
was not a source of sediment during the Middle Jurassic (Harris, 1992), and was 
probably just a more slowly subsiding area (Harris 1989); what is certain is that 
Mesozoic sediments do thin over this mid-Skye area (A. Stein pers. comm. in Harris, 
1992). 
1.6 Palaeogeography and Sediment Provenance 
The palaeogeography of the Inner Hebrides area has been established for some time. 
Hudson (1964) showed the presence of two source areas for siliciclastic sediment 
supplied to the Hebrides Basin during the Middle Jurassic. To the east, in the area now 
occupied by the Scottish mainland, there was a positive area of Moine and Dalradian 
cover capped by a regolith of Old Red Sandstone, and to the west there was a less well 
defined source terrane of Lewisian Gneiss (now the Outer Hebrides; Fig. -1.3). 
Subsequent work by Harris (1992) on the ? Bathonian Valtos Formation has confirmed 
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HEBRIDES BASIN 




















Kn. 0 10 20 aoKm 
Valtos formation outcrops   
Pre Mesozoic faults ý-j" 
Mid Jurassic Landmasses 
Slowly subsiding areas'Highs' 
Fig. 1.3. Structure and general palaeogeography of the Hebrides Basin (taken from 
Harris 1992). 
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this hypothesis, with the identification of a garnet-poor, staurolite- and rutile-rich 
mineral assemblage in Inner Hebrides Basin sediments, indicating a significant, but 
indirect, contribution from the Dalradian of the Scottish Highlands, and an assemblage 
dominated by green epidote in the sediments of west Skye (Sea of the Hebrides Basin) 
suggesting supply from the Outer Hebrides landmass. Harris also identified a second 
garnet-rich assemblage from the Sea of the Hebrides Basin, indicating a greater 
contribution from Moinian rocks, probably sourced from the Scottish landmass, and he 
interpreted this as indicating the presence of two distinct hinterland areas in this 
Scottish Highlands region (Harris, 1992, his Fig. 19). 
This palaeogeographical framework apparently only showed limited changes through 
the Middle Jurassic time period. Immediately prior to the Middle Jurassic the mid= 
Toarcian palaeogeographical map (Fig. 1.4a) shows the Hebrides Basin area has open 
marine connections to the north and south, and there is an open seaway between 
Ireland and Britain (Bradshaw et al., 1992). Bradshaw et al. (ibicL) show that the 
palaeogeography was very similar through the Aalenian and Bajocian stages, with the 
Hebrides and North Minch Basins probably connected and with an open marine 
connection to the Donnegal basin (to the northeast of present day Ireland) in the south 
(Fig. 1.4b). Figure 1.4c shows that by the mid-Bathonian the newly-emergent 'Rubh 
Reidh Ridge' formed the northern boundary of the Hebrides Basin, separating it from 
the North Minch Basin, and the connection to the Donnegal Basin had probably been 
reduced to a narrow and shallow portal in Lealt Shale Formation times (Bradshaw et 
al., 1992). The late-Bathonian regressive phase (Kilmaluag and Skudiburgh 
Formations) resulted in much of the Hebrides Basin being isolated from the sea to the 
south; the Rudh Reidh Ridge continued to provide the northern boundary (Fig. 1.4d). 
The Early Callovian transgession re-established the pre-Middle Jurassic (mid-Toarcian) 
palaeogeography of the area with marine connections to the North Minch and 
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1.7.1 The Bearreraig Sandstone Formation (BSF) 
The Bearreraig Sandstone Formation was first defined by Morton and Hudson (1964), 
and Morton (1965) as a 'series', and then re-defined as a formation by Morton (1976). 
It represents the lower (Aalenian-Bajocian) part of the Middle Jurassic (Morton, 
1990a). It is characterised by a great variation in facies and thickness, the latter varying 
from 38m on Mull, to 488m in Strathaird on south Skye (Morton, 1990a). Two main 
facies have been identified: a flat-bedded to massive calcareous sandstone facies 
interbedded with silty shales, and a thick cross bedded sandstone and sandy limestone_, 
facies; a third shale facies is restricted to the very top of the formation (Hudson, 1983). 
The second of the facies shows a diachronous spread northwards from Strathaird to 
Raasay and south Trotternish, which has been interpreted as representing the migration 
of tidal sand waves running parallel to the palaeo-coastline (Morton, 1983). The fossils 
present are typically marine stenohaline forms (Morton, 1983; see Morton, 1965, for 
taxonomic details), and the formation is thus interpreted as being marine throughout. 
The type section is Bearreraig Bay (thickness 220m) at which the formation is divided 
into five members; the sixth, (uppermost) member is not exposed here, but is exposed 
to the south at Prince Charles' Cave (Table 1.3, Fig. 1.5, Plates 1.1 to 1.3). The type ; 
section (Fig. 1.6) represents two stacked coarsening-upwards cycles (Dun Caan Shales 
to Ollach Sandstone Member and Udairn Shales to Holm Sandstone/Rigg Sandstone 
Member); it also includes the base of a third cycle marked by the Garantiana Clay, 
which continues into the lowermost sandstone (Elgol) formation of the Great Estuarine 
Group. 
Only the Dun Caan Shales and the Garantiana Clay are present on Raasay, the Dun 
Caan Shales being overlain by the Beinn na Leac Sandstone followed by the Raasay 
Sandstone at the type section, Beinre na Leac (Morton, 1976; Table 1.4 & Fig. 1.5). 
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GARANTIANA CLAY 2m shaley clay 
RIGG SANDSTONE 




silty sandstone 36m 
sandstone 
UDAIRN SHALES 
shale >> siitstone 
72m 
OLLACH SANDSTONE 16m 
silty Lst. >> sandstone 
DUN CAAN SHALES 12m 
silty shales & shaley silts 
169 Ma 
180 Ma 
Table 1.3. Bearreraig Sandstone Formation lithostratigraphy in Trotternish, north 
Skye. 
RAASAY SANDSTONE MEMBER Seen to 50m+ 
Cross-bedded sandstone 
BEINN NA LEAC SANDSTONE MEMBER 21m 
Interbedded sandy limestones and silty shales 
DUN CAAN SHALES MEMBER 1 36m (<lm exposed) 1 
Dark grey silty shales 
- 
Table 1.4. Bearreraig Sandstone Formation lithostratigraphy, Beinn na Leac, 
Raasay. 
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0 
Fig. 1.5. Distribution of Middle Jurassic rocks of the Inner Hebrides with type section 
localities mentioned in the text (adapted from Morton 1965; Harris & Hudson 1980). 
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m-220 dark grey clay (not exposed at Bearreraig) 
cross-bedded shelly sandstones 
w -210 
muddy sandstone and f dark ti re lt b d V _- g y erna ng e a so 
ep -- -200 medium grey sandy limestone 
C 
m o 
E E In beds 0.30m to 0.50m thick 
C C 





E -170 alternating muddy sandstones and sandy limestones 
Oº = as above, beds 0.50m to 1.00m thick 
w -180 
Z ö _ -150 calcareous sand n t 
a 
s o e 
massive pale grey to cream sandstones with few 
- 
-140 
doggers, large scale low angle cross-bedding ö q7 dipping north seen in parts 
" 190 J) Q ! °'+ band with numerous doggers and nodules 
E u' 
-- -120 medium grey mottled silty sandstones with calcareous 
doggers and nodules occurring In bands 
O :..:. transition 
-110 
J 
medium-dark grey mottled sandy and silty shales 
-100 with occasional scattered nodules and bands of 
.: '- - doggers, some harder beds of similar lithology 
-90 
4 i -BO gap, no exposures In Burn 
dark grey silty shales 
C -70 gap. no exposures In Burn 
4' -- ý dark grey micaceous silty shales with scattered 
-60 red-brown weathering nodules and occasional - -ým" harder and nodular bands 
E -50 dark grey silty shales with scattered calcareous 
7 nodules, occasional harder beds 




U = 0 massive soft yellow sandstones with daggers and V 




2 °; "" ' Interbedded sandy slltstones and highly fossiliferous 
sandy limestones -20 Ci a dark grey micaceous shales, becoming silty towards top 
ýo 
V 
Ö beds of elongate large flat septarlan nodules 
o 
-10 dark grey micaceous shales, some laminated 
CC a ö others extensively bloturbated 
Fig. 1.6. Schematic log of the Bearreraig Sandstone Formation type section (taken 
from Morton, 1992a). 
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1.7.2 The Great Estuarine Group (GEG) 
The lithostratigraphy of the Great Estuarine Group was revised by Harris and Hudson 
(1980) based on earlier work by Hudson (1962). It is summarised in Table 1.5. The 
Group is 250m thick and is mostly Bathonian in age; it records a period of paralic 
deposition in environments of predominately reduced but variable salinity (Hudson, 
1963a, 1963b; Hudson & Harris, 1979; Harris & Hudson, 1980; Table 1.6). The 
Group is characterised by a wide lateral continuity in specific fades (such as the algal 
limestone which divides the Lealt Shales Formation into its two constituent Members) 
and this allows precise lithostratigraphic correlation through a sequence in which zonal 
faunas are absent (Hudson, 1970; Harris & Hudson, 1980). 
1.7.2 (a) The Cullaidh Shale Formation (CSF) 
The Garantiana Clay passes gradationally into the Cullaidh Shale Formation, the base 
of which is defined by the first occurrence of carbonaceous shales; this also represents 
the base of the Great Estuarine Group (Harris & Hudson, 1980). The type section is at 
Elgol in Strathaird, Skye. Although it has a generally marine fauna the benthos is 
somewhat reduced in abundance, and it is 'clearly not normal marine' (Chen & Hudson, 
1991 p. 518; Harris & Hudson, 1980). Forsythe (1960) recorded a brackish-marine 
fauna from an exposure of the Cullaidh Shale on Raasay but this is stratigraphically 
very restricted. The sequence shows strong lateral variability in thickness and facies in 
north Skye, and it is often not possible to differentiate between the Garantiana Clay. 
and Cullaidh Shale; at Rigg the sequence consists of 4.5m of shaley silts and sands, 
whilst at Invertote it consists of 95cm of shales and shaley calcareous sandstones 
(Hudson & Morton, 1969; Harris & Hudson, 1980). The Garantiana Clay-Cullaidh 
Shale sequence has been interpreted as the result of basin restriction and stagnation 
leading to the development of dysoxic-anoxic conditions following the open marine 
Bajocian; these conditions are recorded by the bituminous/organic-rich nature of the 
Cullaidh Shale, and the occasional development of an 'oil shale' facies (Harris & 
Hudson, 1980; Andrews & Walton, 1990). 
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Formation Thickness Facies 
SKUDIBURGH FORMATION 16m Fluvial 
KILMALUAG FORMATION 25m Freshwater lagoon 
DUNTULM FORMATION 54m Marine-brackish 
lagoon 
VALTOS SANDSTONE FORMATION 120m Fluvial delta 
LEALT Lonfeam Member 





ELGOL SANDSTONE FORMATION 22m Fluvial delta 
CULLAIDH SHALE FORMATION 6m Anoxic basin 
Thickness based on type sections, from Harris & Hudson (1980) 
Table 1.5. Great Estuarine Group stratigraphy andfacies (adapted mostly fr' om 
Andrews & Walton, 1990). The locations of the type sections for each unit are shown 
in Fig. 1.5. 
Fauna Salinity class 
Unio andersoni (1) freshwater 
Vivi arus sp. (3) freshwater 
Cyzicus (4) freshwater 
Neomiodon brycei & spp. 1 freshwater-brackish 
Praeexogyra hebridica (1) marine-brackish 
Praemytilus strathairdensis (1) marine-brackish 
'Tancredia' 'bbosa (1) marine-brackish 
Modiolus imbricatus (1) marine-brackish 
Placunopsis sociails (1) marine-brackish 
Cuspidaria ibbetsoni (1) marine-brackish 
Kallirh nchia sp. (2) marine-brackish 
Isognomon murchisonii (1) marine-brackish 
Pleurom a robusta (1) marine 
C lindroteuthis (5) marine 
1= bivalve; 2= brachiopod; 3= gastropod; 4= branchiopod; 5= belemnite 
Table 1.6. Salinity tolerances of selected macrofauna from the Great Estuarine Group 
and Staffin Bay Formation (adapted mostly from Hudson, 1980). 
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1.7.2 (b) The Elgol Sandstone Formation (ESF) 
This formation marks the first appearance of coarse siliciclastic material in the Great 
Estuarine Group. It consists of a 9-25m thick classic deltaic coarsening-upwards 
sequence, from fine argillaceous sandstone at the- base to a pebbly granule 
conglomerate at the top. The type section is at Elgol in Strathaird, Skye (Fig. 1.7). The 
base is gradational to the Cullaidh Shale, the basal sands being intercalated with 
prodeltaic muds (Harris & Hudson, 1980). It is interpreted as representing deposition { from small river deltas prograding into the confined water bodies of the Cullaidh Shale 
basin (Hudson, 1962,1964; Hudson & Harris, 1979). Harris (1989) recognised three 
facies associations which reflect three styles of delta progradation: 
i) Thick channel sands with bi-polar palaeoflow - directions representing tidally 
influenced distributaries, with beachface sequences providing evidence of wave re- 
working, interpreted as a fluvial-wave-tide interaction system. 
ii) A gradationally coarsening upwards sequence of structureless sands representing 
a gently sloping delta-front. Very fine-fine grained sand deposition due to 
deceleration and dispersal of buoyantly supported plumes of river water in a saline 
receiving basin. , 
iii) Elongate delta lobes interpreted as recording density controlled undertow of 
cold sediment laden river water below warmer fresh basin water within a friction'' 
dominated shallow water delta system. 
The three facies represent delta forms in different areas: i) and ii) are from the Sea of 
the Hebrides Basin, in north Trotternish and south Trotternish-Raasay respectively; iii) 
is restricted to Strathaird in S. Skye in the Inner Hebrides Basin. 
1.7.2 (c) The Lealt Shales Formation (LSF) 
} 
This formation has a composite thickness of 48m in north Skye. It separates the two 
main sandstone bodies within the Great Estuarine Group; its base is defined by the 
abrupt change to silty shales above the coarse top of the Elgol Sandstone Formation. It 
is divided into two members by a laterally extensive algal limestone. The lower 
Kildonnan Member contains a distinctive fauna dominated by . Praemytilus 
strathairdensis; in the Lealt-Lonfearn area this member is 18m thick. The upper 
Lonfearn Member is thicker (30m) and is characterised by different faunal elements 
(Hudson & Harris, 1979; Harris & Hudson, 1980). 
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Fig. 1.7. Sedimentary log of the type section of the Elgol Sandstone Formation (taken 
f om Harris & Hudson, 1979). 
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The Kildonnan Member (KM) 
The type section on the Isle of Eigg is 23m thick and consists predominantly of silty _ 
shales with subordinate limestones, sandstones and shales (Fig. 1.8 & Plate 1.4). It is 
extremely fossiliferous, most commonly with the brackish bivalve PraemytilU 
strathairdensis, but also the occasional dominance of other macrofaunal elements, 
such as Unio and Tancredia, which respectively record rapid freshwater to marine 
salinity excursions (Hudson & Harris, 1979). Subsequent analysis of the ostracod = 
assemblages has confirmed this hypothesis, with salinities interpreted as being generally 
low but fluctuating (sometimes through intervals as small as 1-2cm), but never rising 
above 189äo (Wakefield, 1991). The Kildonnan Member has been interpreted as being, 
deposited in fresh-brackish lagoons with brackish-marine intervals (Hudson, 1963a, 
1983; Harris, 1992) 
The Lonfearn Member (LM) 
This member consists . predominantly of 
dark fossiliferous shales interbedded with 
limestones, and has a thickness of 30m in all areas including its type section south of 
Port Earlish in Trotternish, Skye (Harris & Hudson, 1980; Hudson, 1983). The 
freshwater branchiopod Cyzicus and ostracods are abundant in the shales, and bivalves 
are also present, again recording variable but generally brackish salinities, although less 
variable than in the Kildonnan Member (Hudson & Harris, 1979; Hudson, 1980). 
Similar results have been obtained from analysis of the ostracod assemblages, which 
also suggest more stable salinities of generally less than 10%o (Wakefield, 1991). The .:. - 
top of the member passes gradationally into the Valtos Sandstone Formation with an 
upward change into Neomiodon-bearing silts (Harris & Hudson, 1980). 
1.7.2 (d) The Valtos Sandstone Formation (VSF) 
This is the second major sandstone formation within the Great Estuarine Group; it is 
essentially rather similar to the Elgol Sandstone and consists predominantly of 
medium-coarse grained sandstones deposited in coarsening-upwards cycles, with 
subordinate limestones and silts, and characteristic large ferroau concretions (Harris & 
Hudson, 1980; Harris, 1992; Fig. 1.9). The fauna is dominated by monotypic 
occurrences of the freshwater-brackish opportunistic bivalve Neomiodon, interpreted 
as recording rapid variations in salinity (Hudson & Harris, 1979; Harris, 1992; c£ 












Brief description of other beds 
9b 'ALGAL' BED : atromatolltle limestone 
not sann in situ 





(Poor oxposur. ) 
8f, g pray mudstona, fish scales 
So-* : shale, sholly layers : Noomiodon. ostracods 
CALCILUTITE BED : fibrous calcite at top, Placunopsi, 
7b, c : silty shale, plant fragments, ostracods. Oran mudstone above, then limestone (7c) 
UNTO BED : argillaceous sandy limestone; also with VMparus 
61 : shata, layers of Noomiodon, conchostracans. 
Tancre . near base, gastropods near top. 
BIVALVE-SEPTARIAN BED : shell limestone ('Tancra(6a'), septaria beneath 
6a-d (lower) : silty shale, PraamyNius, Tancrodia. 6d (upper part) : ostracods, conchostracens 
5h : Prasmytllus clusters In silty shale 
FISH BED : sheily limestone with hybodont tooth, scales 
Sf : sandy mudstone with septaria; disturbed bedding. Unlo, Viviparus, Praemytilus 
5a (upper) : silty mudstons with septar(a; Praamyfilus. 
Sa - Sc : silty, poorly-laminated shale or mudstone; abundant wall-preserved large 
Praamytilus ottan linaatad on bedding-pianos, especially In S. 
bb : limestone, Shelly; Pra. mytilus 
So : silty mudstona with abundant small Praamytllus and Valvata; gastropod 





4 COMPLEX BED : sholly limestone (4b) overlies coarse calcareous sandstone with fish debris & shale partings (4a) 
3h : shall layer with large Unio; Pra. mytilua, gastropods, plant fragments 
30, f. 9 : silty shale: layers of juvenile Prasmytilus 
3a-d : shale. limestone. Gastropods dominant : Valvota, narltids. 'Cylindrobulllna' 
2 REPTILE BED : sfderfNc limestone with plesiosaur bones, shark tooth. gastropods 
i: hard. poorly-fissile silty shale or mudstone. Lower part with small Praamytilus, Unio?, 





Schematic log of the type section of the Kildonnen Member, Lealt Shale Formation, near Kildonnan, Eigg, 
showing bed numbers, lithology (conventional symbols) and principal fossils. 
Fig. 1.8. Sedimentary log of the type section of the Kildonnan Member, Lealt Shales 
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Fig. 1.9. Sedimentary logs of sections of the Valtos Sandstone Formation (taken from 
Harris, 1992). 
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elements found in the Great Estuarine Group). In Trotternish the formation is divided 
into three lithostratigraphic units, an upper and lower sandstone being separated by a 
middle limestone-shale unit. At the type section in the cliffs below Valtos the formation 
is 120m thick (Harris & Hudson, 1980). Harris (1992) defined seven genetically 
related facies which are interpreted as elements of a lagoonal-delta shoreline system, 
and classified the Valtos Sandstone Formation as a 'fluvial-wave interaction lagoonal- 
delta system'. 
1.7.2 (e) The Duntulm Formation (DF) 
The Duntulm Formation represents the most marine environment in the Great 
Estuarine Group apart from the Cullaidh Shale. It is characterised by beds up to 2m 
thick, largely composed of Praeexogyra hebridica, interbedded with silts, shales, 
occasional fine grained sandstones, and distinctive algal limestones with a varied and 
more marine fauna. However, near the top of the formation in Trotternish there is a 
freshwater intercalation, marked by a change to a Neomiodon and Unio fauna (Hudson 
& Morton, 1969; Hudson, 1970; Harris & Hudson, 1980; Andrews, 1986; Andrews & 
Walton, 1990). The formation has a minimum thickness of 40m; the composite type 
section is in and around Cairidh Ghlumaig, north Trottemish, Skye (Harris & Hudson, 
1980; Andrews & Walton, 1990; Fig. 1.10, Plates 1.5 to 1.9). The base of the 
formation is gradational to the Valtos Sandstone, the transition being marked by the 
change in fauna from Neomiodon to a more marine assemblage consisting of 
Praeexogyra, Placunopsis and Cuspidaria (Harris & Hudson, 1980; Andrews & 
Walton, 1990; Table 1.6). Following a detailed integrated study, Andrews and Walton 
(1990) divided the formation into a series of related litho-, bio- and palynofacies (Table 
1.7) and interpreted the Duntulm Formation as a marine-brackish lagoonal complex 
transgressively established on the drowned delta of the Valtos Sandstone Formation. 
Based on the ostracods, Wakefield (1991) suggests a salinity range of 5-35%o for the 
main (non-Lon Ostatoin) part of the type section. 
1.7.2 (f) The Kilmaluag Formation (KF) 
The Kilmaluag Formation marks the start of a period of regression that resulted in the 
deposition of the two uppermost formations of the Great Estuarine Group (Harris & 
Hudson, 1980; Andrews, 1985). It is characterised by alternating calcareous 
mudstones and argillaceous calcilutites with common dessication cracks (Fig. 1.11); 
the Inner Hebrides Basin deposits also contain groups of beds with accumulations of 
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Fig. 1.10. Sedimentary logs of the Duntulm Formation composite type section (taken 
f om Harris & Hudson, 1980). 
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Lithofacies Biofacies Pal ofacies 
1 Praeexogyra limestone-shales la Oyster shell-bank 1 Abundant dinocysts; 
community high diversity 
lb Marine community 
2 Argillaceous limestones 2 Inter shell-bank mud as above 
Community 
3a Algal limestones 3 Algal marsh 2 Low dinocyst 
3b C tal al-ri led siltstones community abundance; low diversity 
4 Sandstone 4 Sandy lagoon Litho- and biofacies 4 
community deposits contain 
al ofacies 1 
5 Unio-Neomiodon mudstones Low-salinity 3 Dinocysts absent; 
and sandstones community Bo ococcus common 
Table 1.7. Duntulm Formation litho-, bio-, and palynofacies ofAndrews and Walton 
(1990). 
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vertebrate remains. The base of the formation is marked by the incoming of 
argillaceous limestones rich in ostracods and the dying out of the Duntulm Formation 
oyster beds (Andrews & Walton, 1990). The fauna has a freshwater-brackish affinity; 
ostracods continue in abundance throughout the formation, and the commonest 
macrofossil is the gastropod Viviparus (Hudson, 1963a; Harris & Hudson, 1980; Table 
1.6). At the type section in Kilmaluag Bay, where the exposed thickness is 17m, plant 
cuticle is common, particularly Equisetum and Gingko (T. M. Harris in Hudson & 
Morton, 1969; Andrews, 1985). 
Andrews (1985) distinguished two lithofacies in the Kilmaluag Formation: the 'elastic 
facies' which is restricted to Sea of the Hebrides Basin sediments exposed in north 
Skye, and the 'argillaceous limestone facies' which only occurs in the Inner Hebrides 
Basin sediments of south Skye. The formation has been interpreted as a low salinity 
closed lagoon or coast-margin lake facies (Hudson, 1980; Andrews, 1985). Detailed 
work on the ostracods by Wakefield (1991) has revealed the presence of three salinity- 
controlled assemblages migrating within the lagoon according to the relative amounts 
of freshwater and brackish-marine input, and he estimates salinity values generally in 
the range 0-7%o but up to a maximum of 18%o. 
1.7.2 (g) The Skudiburgh Formation (SF) 
This formation defines the top of the Great Estuarine Group, and comprises 16m of 
red and grey-green mudstones with subordinate thin sandstones (Fig. 1.11). It is mainly 
unfossiliferous except for rare Unio and plant fragments (Harris & Hudson, 1980; 
Hudson, 1983; Andrews, 1985). The facies is interpreted as alluvial 
mudflats/floodplain deposits (mudstones) cut by thin channels (sandstones), reflecting 
continued regression following the Kilmaluag Formation (Hudson, 1983; Andrews, 
1985). 
1.7.3 The Staffin Bay Formation (SBF) 
The Staffin Bay. Formation was first defined , 
by Hudson (1962), and the 
lithostratigraphy was revised and updated by Sykes (1975b). It is the thickest 
transgressive sequence in the Scottish lower Callovian (Sykes 1975a); at its type 
section in Staffin bay it is 17.6m thick and is divided into two members (Plates 1. 
_10 
to 
1.12). It is ? upper Bathonian-lower Callovian in age (Hudson, 1962; Hudson & 
Morton, 1969; Sykes 1975a, 1975b). The formation coarsens upwards from the lower 
argillaceous Upper Ostrea Member to the coarser Belemnite Sands Member, and has 
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been interpreted as a transgressive lagoon-barrier bar complex (Hudson & Morton, 
1969; Hudson & Harris, 1979; Hudson, 1983; Table 1.8). For a full discussion of the 
development of this sequence see Sykes (1975a). 
The Upper Ostrea Member 
The transition from the Skudiburgh Formation to the Upper Ostrea Member seen at 
Digg (Staffin Bay) is probably conformable (Andrews, 1985), being marked only by 
the incoming of a rich Neomiodon fauna following a basal shell bed with abundant . 
Isognomon (Table 1.6). This change is interpreted as brackish waters flooding the 
coastal plains of the Skudiburgh Formation (Hudson, 1962; Hudson & Morton, 1969; 
Sykes, 1975a; Harris & Hudson, 1980; Andrews, 1985). 
The member is 10.6m thick, and is dominated by dark grey shales with shell beds and 
subordinate rippled and laminated sandstones (Sykes, 1975b; Fig. 1.12). Sykes (1975a) 
identified three facies: 
1) Calcareous Clays 
2) Bituminous Shales with shell laminae 
3) Fine-grained sands with parallel and ripple cross lamination 
Facies 1 occurs only at the base of the section, whilst the other two facies occur as, 
coarsening-upwards sequences in the rest of the member (Sykes, 1975a). The fauna is 
dominated by Neomiodon in the bituminous shales but Isognomon occurs in other 
facies. Praeexogyra hebridica is present throughout, but all other elements of the. 
fauna are rare (Hudson, 1963a, 1963b; Hudson & Morton, 1969; Sykes, 1975a, 
1975b; see Anderson & Dunham, 1966, for a complete faunal list). Hudson (1963a) 
interprets this low diversity, high density fauna as an indicator of brackish conditions 
and suggests salinity values of about 30%o for the Upper Ostrea Member. 
The Belemnite Sands Member 
ore open marine fauna of The base of this member is marked by a change to a more-, ope'n' 
Pleuromya and rare Cylindroteuthis in a coarsening-upwards sequence=which began at 
the top of the Upper Ostrea Member (Sykes, 1975a; Table 1.6). It is 7m thick and is 
dominated by fine-medium grained carbonaceous sandstone with small scale 
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cross-, and occasionally flaser, 'bedding (Fig. 1.12). The fauna is typically more 
stenohaline than in the Upper Ostrea Member, including forms such as Oxytoma 
inaequivalis, and Cylindroteuthis, but Neomiodon is still present (Sykes, 1975b; cf 
Anderson & Dunham, 1966). Hudson (1963a) considered the fauna to be 
representative of fully marine conditions, but Sykes (1975a) argues for reduced or 
fluctuating salinities on the grounds of the abundance of Neomiodon and the rarity of 
cephalopods throughout most of the member., 
Sykes (1975a) recognised two genetically different units within the member. The lower 
of these units is composed of well sorted, lignitic fine sand, generally bioturbated but 
with occasional parallel and ripple cross lamination. Shell beds in this unit are 
composed of Pleuromya, Neomiodon and Vaugonia. The upper unit is composed of 
poorly sorted medium-coarse grained glauconitic sandstone, occasionally more 
argillaceous, with a fauna of large Pleuromya, Neomiodon, Lopha, and abundant 
Cylindroteuthis. 
1.8 Palaeoclimate 
The Hebrides basin was at a palaeolatitude of 34° north during the Middle Jurassic 
(Smith et al., 1973), and the Middle Jurassic climate is generally regarded as being 
quite equable, with average temperatures of around 21°C (Schwarzbach, 1963). 
However, there is evidence for climatic variation in the Hebrides Middle Jurassic, 
much of which is contained in the Great Estuarine Group, including' the variations 
between carbonate and argillaceous rocks found near the top of the Group. 
1.8.1 The Bearreraig Sandstone Formation 
It is suggested by Morton (1992a) that the Bearreraig Sandstone was deposited under 
a semi-arid climate. Evidence for this is the high proportion of coarse sediment input 
and the xeromorphic adaptations found in Aalenian-Bajocian floras from the Scottish 
Highlands hinterland (Morton, 1990a; R. M. Bateman in Morton, 1992a). Also, there 
are indications of similar semi-arid conditions in the correlative sequence of the 
Porcupine Basin in the form of calcrete fragments and red colouration (Croker & 
Shannon, 1987). Although these suggestions are tentative, it would seem that the 
climate during the Aalenian-Bajocian in the Inner Hebrides was certainly somewhat 
drier (or less wet) than during deposition of the overlying Great Estuarine Group, as 
also in the Porcupine Basin (Morton, 1992a). 
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1.8.2 The Great Estuarine Group 
The reduced salinity of these paralic environments is in its self suggestive of a 
substantially wetter climate, as it implies sufficiently increased runoff to maintain 
brackish conditions, but there is also much evidence for occasional or prolonged 
periods of aridity and a markedly seasonal climate (Morton, 1992a). Oxygen isotope 
studies by Tan and Hudson (1974) suggest an average temperature of around 22'C, - 
but with marked seasonality. Hudson (1980) states that this temperature could be-- 
reduced by 4-5°C given an ice-free Earth, and that average temperatures could have': 
been significantly lower than this if shell growth mainly took place in the summer 
months, as suggested in Hudson (1968). Harris (1989) gives the average temperature = 
as 17-72°C; a similar estimate of 17-18°C is given by Wakefield (1Q91). 
During the period of deposition of the two sandstone formations rapid runoff would 
have been necessary to supply the large amounts of siliciclastic sediment (Hudson & 
Harris, 1979). Harris (1989) states that the rapid progradation seen in Elgol-type 
deltas requires an uplifted hinterland with a thick regolith and heavy seasonal rainfall- 
The widely fluctuating salinities seen within the Valtos Formation are also considered 
to demonstrate seasonally fluctuating runof and the reduction in siliciclastic supply 
and the corresponding increase in salinities at the Valtos-Duntulm transition is also 
probably climatically controlled (Harris, 1992). Another phase of deposition that 
demonstrates a possible climate change, this time towards the end of Duntulm 
Formation times, is the 'freshwater intercalation' near the top of this formation 
(Andrews & Walton, 1990). In this case the climate has possibly become wetter, with 
increased runoff causing a freshening of lagoonal waters. 
Any potential temperature variations would have been wider in the shallow lagoons 
which characterise the Great Estuarine Group than in open ocean. The desiccation 
features (Kilmaluag Formation) and algal horizons (Leah and Duntuhn Formations) are 
indicative of and conditions (Hudson, 1980). However, ' neither Hudson (1970) or 
Andrews (1985) interpret these features as resulting from an and climate, instead 
attributing them to temporary cessations of runoff and the rapid development of 
dessication features in particular lagoon margin facies (cf. Hudson, 1980). 
The top two formations of the Great Estuarine Group hold perhaps the most complete 
evidence of climatic fluctuations. The Kilmaluag Formation shows alternations 
between carbonates and calcareous shales, interpreted by Andrews (1985) as reflecting 
small scale (tens of yeas) alternations of humid and and conditions, and also a 
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potentially larger scale variation (hundreds of thousands. ofý years) producing the 
groups of beds (such as the vertebrate beds) which characterise parts of the formation 
(Andrews, 1985). The calcretes which are common in the Skudiburgh Formation are 
indicative of a seasonal climate, whose formation requires periods of significant 
precipitation alternating with more and conditions (Andrews, 1985). 
1.8.3 The Staffin Bay Formation 
This formation was included in the oxygen isotope analyses of Tan and Hudson (1974) 
and presumably was deposited under the same temperature regime as the Great 
Estuarine Group. Tan et al. (1970) give a similar palaeotemperature (22°C) derived 
from belemnites from the very top of the Belemnite Sands Member and the overlying 
Oxford Clay, and note that this is broadly similar to other Callovian 
palaeoteniperatures determined by oxygen isotopes. However, given the considerations 
of Hudson (1980), this temperature is probably overestimated by 4-5°C, possibly more 
if shell growth was seasonal. There are no other palaeoclimatic indicators in the Staffin 
Bay Formation and it was probably laid down under similar conditions to the Great 
Estuarine Group; however, the lack of development of desiccation features or algal 




1.9 Sequence Stratigraphy and Basin Evolution" 
1.9.1 Introduction 
Sequence stratigraphic analysis has been applied to the Mesozoic sediments of the 
Hebrides basin by Morton (1989,1990b, 1992b, 1993). His analyses have been based 
primarily on the objective recognition of genetic stratigraphic sequences without 
consideration of their causal mechanisms (Morton, 1989). Morton (1993, p. 285) 
defines these sequences as: 
"Packages of conformable strata within which fades changes are gradational in 
both space and time, and Walther's law is applicable because of the gradual 
evolution through time of -the depositional environments. The packages are 
separated by stratal surfaces across which there are abrupt changes of facies, and -`. 
these are frequently (but not always, at the very precise level of biostratigraphic 
resolution available in the Hebrides with ammonite subzones) associated 
with 
hiatuses and unconformities. Genetic sequences represent the naturally occurring 
episodes in the dynamic development of the sedimentary fill of a basin and are, 
therefore, the basic units for analyses of basin evolution. Note that this definition 
is not identical with those of either Galloway (1989) or Van Waggoner et al. 
(1990). " 
The abrupt changes in facies are due to major perturbations in one of the controlling 
factors (e. g. base level) and are commonly tectonic in origin in the Hebrides Basin 
(Morton, 1989). Morton (1987) has demonstrated that changes in palaeobathymetrY 
within the Hebrides Basin were insignificant through the time interval studied, ranging 
only between a little above sea level to shallow inshore marine with maximum 
estimated depths of around 40m, therefore any lateral variability in the thickness of the 
units is primarily due to differential subsidence (Morton, 1989). 
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1.9.2 Middle Jurassic Sequences 
Three sequences were identified in the Hebrides Middle Jurassic by Morton (1989). 
See also Morton (1990b, 1992a, 1992b, 1993) and Figure 1.13. 
1.9.2 (a) Sequence D 
The base of sequence D rests with a sharp change in facies on the Raasay Ironstone, 
and its upper boundary is marked by the dark shales of the Garantiana Clay which 
abruptly follow the coarse sands of the topmost Bearrreraig Sandstone Formation. 
Morton (1989, p. 251) states that this is 'an obvious sequence boundary. The large 
thickness variation (Table 1.9) show:, that variable subsidence was occurring, and this 
may have masked any minor sequence boundaries, although the sharp change from 
sandstone to shale between the two coarsening-upwards cycles in Trotternish may 
represent one such boundary (Morton, 1989). 
1.9.2 (b) Sequence E 
The basal boundary of this sequence, marked by the Garantiana Clay, is zonally 
complete, showing no evolutionary hiatus, and its upper boundary is marked by the 
transition from the upper non-marine silts of the Great Estuarine Group to the 
marginal-normal marine deposits of the Staffin Bay Formation (Morton, 1989). This 
succession is probably conformable in Trotternish (Andrews, 1985), but in south Skye 
there is a hiatus and erosion surface (Morton, 1989; cf. Sykes 1975a, 1975b). The 
sequence shows three regressive cycles (Fig. 1.13) separated by two minor sequence 
boundaries at the Elgol-Lealt and Valtos-Duntulm transitions (Hudson, 1963b, 1980; 
Hudson & Harris, 1979; Morton, 1989). Lateral variation probably decreases upwards 
within the sequence indicating a change to much more uniform subsidence compared 
with sequence D (Morton 1989,1990b, 1992b; Table 1.9). 
1.9.2 (c) Sequence F 
Above the basal hiatus in south Skye the Cam Mor Sandstone beds belong to the 
Calloviense zone, whilst in the north the Belemnite Sands are referred to the 
Macrocephalus zone, indicating a lateral uniformity of facies following the Great 
Estuarine Group-Staffin Bay Formation transition. The upper sequence boundary is 
also marked by a hiatus; the Belemnite Sands are abruptly overlain by the StaffinShale 
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SEQUENCE LITHOSTRATIGRAPHY AGE 
F STAFFIN BAY FORMATION CALL. 
G Skudiburgh Formation 
Bti 
R Ay 
E3 E Kilmaluag Formation 
A T_,.. 
TG Duntulm Formation 
----- -E --- R- - -------------------------------------------------- 
SU Valtos Sandstone Formation 0 
E E2 TP 
A Lealt Shales Formation '" - R 
----- -t----- ------------------------------------------------- 
N Elgol Sandstone Formation A 
E 
El Culiaidh Shale Formation 
N 
Garantlana Clay Member 
B 
BEARRERAIG Rigg Sandstone Member 0, 
D2 Holm Sandstone Member I -, - - 





------------------------------------------ Ollach Sandstone Member AAL. 
D1 
Dun Caan Shales Member 
Key: Sequence boundary 
Minor sequence boundary --------- 
Fig. 1.13. Middle Jurassic genetic sequence units (adapted from Morton, 1989). Note `. 
minor sequence boundaries and ages in sequences E and Fare approximations only. 
Sequence Stratigra h N M a v 
_ F Staffin Bay Formation 4 8.6 7.2 83.7 
E3 Duntulm, Kilmaluag and Skudiburgh 4 66 16.8 25.4 
Formations 
E2 Lealt Shales and Valtos Sandstone 4 123.3 26.7 21.7 
Formations 
El Garantiana Clay Member; Cullaidh 11 24.2 9.2 38 
Shale and El of Sandstone Formations 
D Bearreraig Sandstone Formation (not 12 205.2, 124.7 60.8 
Garantiana Cla Member) 
N= number or measurements; M= mean; a= standard deviation; V= coefficient of variation (v = 
100v/M). 
Table 1.9. Thickness variation of Middle Jurassic sequences in the Hebrides Basin 
(adapted from Morton, 1989). 
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Formation (Sykes, 1975b; Morton, 1989). The large variation in thickness of this unit 
is attributed to the difference in the development of hiatuses in different areas (Morton, 
1989; Table 1.9). 
1.9.3 Sequence Boundaries 
Morton (1989) states that sequence boundaries are related to relative sea level changes 
which can be caused by either tectonic events or eustatic changes in sea level. He also 
notes that eustatic sea level changes can only be positively recognised if they are 
shown to occur simultaneously in tectonically unrelated basins. 
1.9.3 (a) Boundary C-D 
This has been attributed to a major tectonic event, correlated with lithospheric 
extension leading to renewed subsidence (Morton, 1987,1989); this boundary can also 
be recognised in other related basins (cf. Morton et al., 1987; Morton, 1992a). The 
minor sequence boundary D1 is thought to be due to eustatic rise as it correlates 
precisely with one ofHallam's (1978) 'deepening events' (Morton, 1989, his Fig. 9). 
1.9.3 (b) Boundary D -E 
Again tectonically controlled, this boundary, is related to a change in the tectonic 
regime from extension-related differential subsidence to thermal cooling-sediment 
loading giving much more even subsidence. The cause of the minor boundaries is 
impossible to determine due to imprecise biostratigraphy within the Great Estuarine 
Group (Morton, 1989). This boundary can also be recognised in related basins 
(Morton, ibid ) 
1.9.3 (c) Boundary E-F 
Interpreted by Morton (1989) as a eustatic rise which correlates (at the sub-zonal 
level) with another of Hallam's (1978) deepening events, there being no apparent 
mechanism within the tectonic evolution of the basin to bring about such a change in 
facies (Morton, 1987,1989,1990b, 1992b). 
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1.9.4 Comparison with other Basins 
In the Hebrides Basin the hiatuses between genetic sequences are minor, suggesting 
that the Exxon model of sea level falling to or below the shelf edge is inappropriate; 
comparison between the Hebrides Basin and others where boundaries have been 
established by seismic stratigraphy is not possible (Morton, 1989, his Fig-9). However, 
the sequence statigraphic and basin evolution patterns of the Hebrides can be applied 
to less well known related offshore basins, where sequences are similar (cf Morton et, 
a!, 1987; Trueblood & Morton, 1991; Morton 1992a, 1993). 
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1.10 Previous Palynological Research 
There have been few publications on the palynology or palynofacies of Inner Hebrides 
Middle Jurassic strata, and these have dealt mainly with palynostratigraphy (e. g. Riding 
et at, 1991; Riding, 1992). One integrated study on the Duntulm Formation (see 
section 1.7.2) has involved the use of 'palynofacies analysis' (Andrews & Walton, 
1990). However, their palynofacies were identified using only quantitative 
palynomorph data, mostly on the dinoflagellate cysts, and included only qualitative ; 
observations on the total kerogen component (Andrews & Walton, 1990, p. 12). 
The latter study identified three palynofacies groups which were found to relate to the 
various independently defined lithofacies and biofacies (Andrews & Walton, 1990, 
their Figs 12 & 13; Table 1.7). Their 'palynofacies 1' has the highest dinoflagellate 
content (50%+) and diversities, which were positively correlated with macrofaunal .° 
estimates of salinity (their biofacies la and lb). The kerogen assemblages from, this 
palynofacies were described as having common structureless and disseminated AOM, 
varying quantities of black and brown wood and rare cuticle, and were interpreted as 
having been deposited in a quiet water setting (Andrews & Walton, ibid. ). However, 
this rather vague kerogen description cannot be regarded as diagnostic. - 
Palynofacies 2 is dominated by gymnosperm pollen with low proportions of 
dinoflagellate cysts (ca. 10%) suggestive of limited marine influence or potentially high 
sporomorph dilution (but the latter is unlikely if the facies is occuring in the algal - 
limestones, and if the pollen is mainly buoyant, distal types). The occurrence of this - 
palynofacies in some lithofacies 3a (algal limestone) deposits was interpreted as 
indicating deposition on mudflats remote from the lagoon margin. 
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Palynofacies 3 has no dinoflagellate cyst content, but the spore and Botryococcus 
percentages are relatively high. The kerogen assemblage has abundant black and brown 
wood, and AOM is absent. This palynofacies was deposited in the fresh-brackish water 
of lithofacies 5 (Andrews & Walton, 1990). Again these features are common to many 
terrestrially-dominated kerogen assemblages and are not very diagnostic of facies. 
The palynology of the Toarcian-Bathonian of the Inner Hebrides was studied by Riding 
et al. (1991), mostly in order to improve the dating of the Great Estuarine Group 
(which lacks zonal macrofaunas) and to provide a reference for comparison with 
related offshore basins. A very general review of their paper is given below, together 
with any palaeoenvironmental conclusions that are relevant to this project. 
The Bearreraig Sandstone Formation is described as having a relatively diverse 
palynomorph assemblage, in which gymnosperm pollen (e. g. Callialasporites) are the 
dominant component. The greatest dinoflagellate cyst diversity occurs in the Dun Caan 
Shales Member (20 species); diversity is significantly lower in the rest of the formation 
(4 to 5 species), and the florales are consistently dominated by the genus 
Nannoceratopsis. The occasional presence of Botryococcus is taken to indicate fresh- 
brackish water input where it occurs. The palynology confirms the age assigned to this 
formation, the topmost Garantiana Clay Member being dated as no younger than late 
Bajocian. 
The Great Estuarine Group age is confirmed as being Bathonian in age and in general 
the palynologic assemblages reflect (and confirm) the sedimentologic, palaeontologic 
and palaeoenvironmental interpretations of Hudson and co-workers. The salinity 
variations determined by macrofaunal assemblages are mirrored by variations in marine 
microplankton and the freshwater-brackish alga Botryococcus (cf. Andrews & Walton 
1990; Wakefield 1991). Where dinoflagellate cysts occur they are predominantly low 
diversity-high dominance assemblages, apart from in the more marine parts of the 
Duntulm Formation (Andrews & Walton, 1990). The sporomorph assemblages are 
consistently dominated by gymnosperm pollen, and they and the spores are both made 
up of long-ranging taxa (e. g. Callialasporites, Cerebropollenites, Leptolepidites). 
Kerogen assemblages are characterised by significant amounts of AOM in the lagoonal 
formations and more 'woody' tissue in the sand-rich Elgol and Valtos Formations. 
Riding (1992) found similar low diversity-high dominance dinoflagellate cyst 
assemblages in the Staffin Bay Formation (Upper Ostrea Member), again reflecting a 
marginal marine palaeoenvironment subject to salinity variation. He determined the age 
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of this member as no older than earliest Callovian. Bradshaw and Fenton (1982) also 
describe a single sample from this member as having a diverse microflora and high 
terrestrially derived kerogen, reflecting a 'marginal' environment. 
t_' 
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1.11 Previous Organic Geochemical Research 
Publications dealing with the organic geochemistry of the Inner Hebrides Middle 
Jurassic are as limited as those dealing with its palynology, and are mostly related to 
maturation (e. g. Thrasher, 1992; Bishop & Abbot, 1995). Ambler (1989) does include 
some palaeoenviromnetal work based on biomarkers and on qualitative palynofacies 
analysis (performed by D. J. Batten). A brief review of the more relevant points of 
these papers is given below. 
The organic geochemical measures of maturity used by Thrasher (1992) demonstrate 
that the effect of the Cuillins igneous intrusion is localised, sediments more than 15km 
away from it being extremely immature, except in the vicinity of minor intrusions, 
which have an effect in proportion to their thickness. She also gives %TOC values for 
some of the Middle Jurassic sediments (Thrasher, 1992, her Table 1). Most of the 
samples analysed were from the Dun Caan Shales Member of the Bearreraig Sandstone 
Formation (41), with a further 18 samples from the Great Estuarine Group. The -TOC 
values are mostly less than 2%, but reach a maximum of 15% in the Cullaidh Shale- 
Formation. 
Bishop and Abbot (1995) report vitrinite reflectance values between 0.35 and 0.45% 
Ro(ave) from immature sites not affected by minor intrusions; these accord well 
with, 
values of 0.23-0.5% given by Hudson and B. S. Cooper in Hudson and Harris (1979). 
Hudson and Andrews (1987) give a range of values from areas with different levels'of 
igneous activity; they report Ro values of less than 0.5% from outcrops with few or no 
minor intrusions (their category 1) and 0.5-1.3% from areas with many minor 
intrusions (their category 2). In Strathaird close to the Cuillins Complex, levels are all 
over 1.5%. The samples studied in this work were all from areas where Ro values are 
less than 1.3% (categories 1 and 2). 
Ambler (1989) attempted to combine biomarker and qualitative palynofacies data from 
selected sections in order to determine the source of organic matter in the sediments. 
She achieved varying degrees of success. For example, in the Dun Caan Shales 
Member of the Bearreraig Sandstone Formatio!, biomarkers suggest a strong marine 
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planktonic input, with only an insignificant contribution from higher plants, while the 
palynofacies of these samples is described as having abundant amorphous algal organic 
matter with only rare higher plant material, showing a good correlation between the 
techniques. However, in more complex settings such as the 'freshwater intercalation' 
near the top of the Duntulm Formation there was no agreement; sediments with 
monotypic dinoflagellate cyst assemblages gave biomarker distributions dominated by 
C25 and C27 n-alkanes for which a cryptic algal source is suggested. 
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Plate 1.1. Example of characteristic lithology from the type section of the Dun Caan 
Shales Member (Bearreraig Sandstone Formation), Bearreraig Bay, Skye (locality 1). 
The bed is intensely bioturbated. Note also the sharp change in colour 2/3 of the way 
up the bed, and the concretion near the top Lenscap = 5cm. 
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Plate 1.2. Gradational transition between the Dun Caan Shales and Ollach Sandstone 
members, Bearreraig Sandstone Formation, Bearreraig Bay, Skye (locality 1). Note the 
thin beds (indicative of stratigraphic condensation). The typical lithology of the Ollach 




Plate 1.4. The Bivalve-Septaria marker bed (6e), Kildonnan Member (Lealt Shales 
Formation) type section, Kildonnan, Eigg (locality 6). Hammer = 30cm. 
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Plate 1.3. The Udaim Shales to Holm Sandstones members (Bearreraig Sandstone 
Formation) type section, Bearreraig Bay, Skye (locality 1). The stream section 
represents the Udairn Shales, the cliff ' section the Holm Sandstone; the boundary is 
gradational, but is placed at the base of the waterfall. 
Plate 1.5. Cairidh Ghlumaig, Trotternish Skye (locality 10). The lower (foreshore) part 
of the Duntulm Formation composite type section can be seen in the foreground, the 
middle (cliff) section can be seen at the other (south) end of the bay. The upper (Lon 
Ostatoin) section occurs on the other side of the headland that marks the end of the 
bay. 

















Plate 1.6. Nodular algal limestone (lithofacies 3a of Andrews & Walton, 1990) from 
the foreshore at Cairidh Ghlumaig. 
Plate 1.7. Praeexogyra limestone-shale (lithofacies 1 of Andrews & Walton, 1990) 
from the top part of the foreshore section at Cairidh Ghlumaig. Lenscap = 5cni 
Plate 1.8. The stream section of the Duntulm Formation exposures at Lon Ostatoin 
(locality 11). The sand and clay-mudstones are rich inNeomiodon (= lithofacies 5 of 
Andrews & Walton, 1990) and represent the lower part of the 'freshwater 
intercalation'. The limestones mark the return to marine conditions, before another 
lithofacies 5 unit above. 




stream section and exposes a similar sequence of rocks. However, the upper lithofacies 
5 unit was better exposed here during the present study. Hammer = 30cm. 
Plate 1.10. The Staffin Bay Formation type section, Staffin Bay, Skye (locality 18). 
The steeply dipping rocks of the type section can be seen running away from the 
camera. 
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Plate 1.9. The Lon Ostatoin roadside section, this occurs round the comer from the 
S ________ 
Plate 1.11. 'Typical lithology of the Upper Ostrea Member (Staffin Bay Formation). 
This bed belongs to the bituminous shales lithofacies of Sykes (1975a). Hammer = 
30cm. 
Plate 1.12. The top of the Belemnite Sands Member (Staffin Bay Formation). The 
sideritic limestone is the upper bed of the member. Note the abundance of belemnites 






2.1.1 Selection of Sample Sites 
Sample localities were chosen following advice from Prof J. D. Hudson of the 
University of Leicester, and also with reference to the sample localities used in the 
study by Riding et al. (1991), which were known to be productive and had the 
additional advantage of being biostratigraphically constrained. For this study the 
samples had to be essentially unaffected by igneous intrusions, therefore the whole of 
South Skye had to be omitted because of the effect of the Cuillins intrusion. Many 
other exposures in the Inner Hebrides have been thermally affected by associated sills 
and were similarly discounted. Sample localities selected for this study are shown in 
Fig. 2.1; full details of the sample sites are shown in Table 2.1. Table 2.2 gives the 
vitrinite reflectance categories of Hudson and Andrews (1987) for each of the areas 
sampled. A number of the localities sampled have been intruded by small dykes (e. g. 
Bearreraig Bay); the sediments adjacent to these bodies have been subject to baking 
and were not sampled. A number of studies have documented the effects of igneous 
intrusions such as these in the Hebrides, and have concluded that the dykes have a 
thermal effect directly proportional to their thickness (Thrasher, 1992; Bishop & 
Abbott, 1995); based on these studies no samples were taken from within distances 
equivalent to 150% of dyke thickness. 
2.1.2 Sampling Strategy 
The sampling strategy for this project was based on that described in Tyson (1995). 
Samples were taken in order to give adequate stratigraphic coverage and to encompass 
any major lithologic and facies variations; additional features such as coarsening- 
upwards sequences were subject to detailed sampling where possible. Given the often 
inaccessible, and rather poorly exposed nature of much of the Hebrides Middle 
Jurassic, together with the extent of the regional and local baking, it was not possible 
to fulfil these objectives for the whole of the sequence. Only a limited number of 
samples were taken from poorly exposed intervals (e. g. the Kilmaluag Formation type 
section) or heavily intruded localities (e. g. the Lonfearn Member of the Lealt Shales 























Fig. 2.1. Distribution of Middle Jurassic rocks and sample localities. Key to numbers 
in Table 2.1. 
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Table 2.1. Sample localities and details. Numbers relate to Fig. 2. I. 
1) 
LOCALITY: Bearreraig Bay, Trotternish, Skye 
MAP REF.: NG 517 527 
UNIT: Bearreraig Sandstone Formation 
AGE: Aalenian-Bajocian 
SAMPLE CODES: BBE1-48 Dun Caan Shales Member 
BBE 49 Ollach Sandstone Member 
BBO1,2 Udairn Shales Member 
BBU1-30 Udairn Shales Member 
BBH1-12 Holm Sandstone Member 
BBRI-19 Rigg Sandstone Member 
NO. SAMPLES: 111 
THICKNESS: 220m 
2) 
LOCALITY: Prince Charles' Cave, Trotternish, Skye 
MAP REF.: NG 513 476 
UNIT: Garantiana Clay Member (Bearreraig Sandstone Fm. ) 
Cullaidh Shale Formation 
Elgol Sandstone Formation 
AGE: Upper Bajocian-? Lower Bathonian 
SAMPLE CODES: GC1-23* 
NO. SAMPLES: 23 
THICKNESS: 6.5m sampled 
3) 
LOCALITY: Lealt River Mouth, Invertote, Trottemish, Skye 
MAP REF.: NG 520 605 
UNIT: Cullaidh Shale Formation 
AGE: ? Lower Bathonian 
SAMPLE CODES: LRl-6* 
NO. SAMPLES: 6 
THICKNESS: 0.5m sampled 
4) 
LOCALITY: Beinn na Leac, Raasay 
MAP REF.: NG 598 379 
UNIT: Dun Caan Shales Member (Bearreraig Sandstone Fm. ) 
Beinn na Leac Sandstone Member (Bearreraig Sandstone Fm. ) 
AGE: Aalenian-Bajocian 
SAMPLE CODES: BNL1-17 
NO. SAMPLES: 17 
THICKNESS: 20m sampled 
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5) 
LOCALITY: Braes, Raasay 
MAP REF.: NG 5 63 415 
UNIT: ? Garantiana Clay Member (Bearreraig Sandstone Fm. ) 
Cullaidh Shale Formation 
Elgol Sandstone Formation 
AGE: Upper Bajocian-? Lower Bathonian 
SAMPLE CODES: RGC1-4 ? Garantiana Clay Mbr. 
RCS1-4 Cullaidh Shale Fm. 
RCS5-15 Elgol Sandstone Fm. 
NO. SAMPLES: 19 
THICKNESS : 3m composite 
6) 
LOCALITY: Kildonnan, Eigg 
MAP REF.: NM 495 870 
UNIT: Kildonnan Member, Lealt Shales Formation 
AGE: ? Bathonian 
SAMPLE CODES: KE1-58 
NO. SAMPLES: 58 
THICKNESS: 23m 
7) 
LOCALITY: Ruhda Nam Braithairean, Trotternish, Skye 
MAP REF.: NG 526 625 
UNIT: Lonfeam Member, Lealt Shales Formation 
AGE: ? Bathonian 
SAMPLE CODES: RNB 1-20 
NO. SAMPLES: 20 
THICKNESS: 9m sampled 
8) 
LOCALITY: Lonfeam Burn Mouth, Trottemish, Skye 
MAP REF.: NG 521 627 
UNIT: Lonfeam Member, Lealt Shales Formation 
Valtos Sandstone Formation 
AGE: ? Bathonian 
SAMPLE CODES: VLB 1-5* 
NO. SAMPLES: 5 
































Cliffs Below Valtos, Trotternish, Skye 
NG517638 




3.5m sampled (Total section 120m) 







Lon Ostatoin, Trottemish, Skye 
NG 406 728 
Duntuim Formation 
Bathonian 
LOS1-8 Lon Ostatoin stream section (field season 1) 
LOD1-16 Lon Ostatoin stream section (field season 2) 
LOK1-39 Lon Ostatoin roadside section 
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10m exposed (16m total thickness) 
Loch Bay River Mouth, Waternish, Skye 
















Loch Bay River Tnüutary, Waternish, Skye 






LOCALITY: Kilmaluag Bay, Trotternish, Skye 
MAP REF.: NG 437 748 
UNIT: Duntulm Formation 
Kilmaluag Formation 
AGE: ? Bathonian 
SAMPLE CODES: KBD1-2* (Duntulm Fm. ) 
KBK1-11 (Kilmaluag Fm. ) 
NO. SAMPLES: 13 










Prince Charles' Point, Trotternish, Skye 






LOCALITY: Skudiburgh Bay, Trotternish, Skye 
MAP REF.: NG 375 652 
UNIT: Skudiburgh Formation 
AGE: ? Upper Bathonian 
SAMPLE CODES: SB1-14 
NO. SAMPLES: 14 
THICKNESS: Im sampled (6m total thickness) 
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17) 
LOCALITY: Digg, Staffin Bay, Trotternish, Skye 
MAP REF.: NG 474 687 
UNIT: Skudiburgh Formation 
Upper Ostrea Member, Staffin Bay Formation 
AGE: ? Upper Bathonian 
SAMPLE CODES: SBS1-4 (Skudiburgh Fm. ) 
SBS5 & SBU1 (Upper Ostrea Mbr., Staffin Bay Fm. ) 
NO. SAMPLES: 6 
THICKNESS: 3m sampled (total thickness 16m) 
18) 
LOCALITY: Staffin Bay, Trotternish, Skye 
MAP REF.: NG 472 708 
UNIT: Staffin Bay Formation 
AGE: Lower-Middle Callovian 
SAMPLE CODES: UOB 1-37 (Upper Ostrea Mbr. ) 
BSI-15 (Belemnite Sands Mbr. ) 
NO. SAMPLES: 53 
THICKNESS: 18m 
The Great Estuarine Group = Cullaidh Shale-Skudiburgh Formations. 
* Thermally affected samples, not included in final spreadsheet, but briefly examined. 
** Completely baked samples, not examined further. 
Vitrinite 
Reflectance% 
Description of Igneous effects Locality 
Group 1 (Ro <0.5) Few or no minor intrusions; not close to Bearreraig Bay; 
major sills; no sign of baking Duntulm; Staffin Bay; 
Kilmaluag Bay, Skye; 
Kildonnan, Eigg 
Group 2 (Ro 0.5- Many minor intrusions, sills and dykes; Lealt area, Skye 
1.3 pervasive baking of the country rocks 
Table 2.2 Vitrinite reflectance of sample areas (adapted, from Hudson & Andrews, 
1987). The oil window corresponds to a Ro value of 0.5-1.55%. 
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Unit No. of samples 
Bearreraig Sandstone Fm. (total) 131 
Dun Caan Shales Mbr. 48 
Ollach Sandstone Mbr. 1 
Udaim Shales Mbr. 32 
Holm Sandstone Mbr. 12 
Rigg Sandstone Mbr. 18 
Dun Caan Shales Mbr. (Raasay) 6 
Beinn na Leac Sandstone Mbr. (Raasay) 10 
? Garantiana Clay Mbr. (Raasay) 4 
Cullaidh Shale Fm. (Raasay) 4 
Elgol Sandstone Fm. (Raasay) 11 
Lealt Shales Fm. (total) 78 
Kildonnan Mbr. (Eigg) 58 
Lonfeam Mbr. 20 
Valtos Sandstone Fm. 9 
Duntulm Fm. 138 
Kilmaluag Fm. 10 
Skudiburgh Fm. 7 
Staffin Bay Fm. (total) 54 
Upper Ostrea Mbr. 39 
Belemnite Sands Mbr. 15 
Overall total 440 
Table 2.3. Number of samples taken from each unit that were included in the final 
spreadsheet. Unless otherwise specified the samples are from Skye. 
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2.1.3 Sampling Method and Sample Description 
Samples were obtained using a, geological hammer and chisel, were free from 
weathered surfaces and contamination, and were generally limited to a5 or 10cm 
vertical range depending on the nature and reason for sampling (e. g. a 10cm shale bed 
may have been subsequently split into two 5cm samples if testing for variation within 
it, or one sample may have been taken from the whole bed if it was part of the overall 
stratigraphic sequence). On return from the field, the samples were described in hand 
specimen and the parameters listed below (after Tucker, 1982) were recorded 
(Appendix I). 
A) Colour of fresh surfaces (using the GSA Munsell colour chart) 
B) How the specimen weathers (e. g. fissile, earthy, papery) 
C) Any sedimentary structure (e. g. silt laminae) 
D) Any conspicuous non-clay minerals (e. g. mica flakes, pyrite) 
E) Organic content (e. g. bituminous, carbonaceous) 
F) Fossils (type, abundance) 
2 1.4 Sample Preparation 
For any study incorporating a large number of samples, it is important that the 
processing method is simple, consistent and controllable. Preparation was carried out 
using standard non-oxidative palynological procedures (e. g. Barrs & Williams, 1973; 
Batten & Morrison, 1983). This consisted of first cleaning and removing any 
weathered surfaces and then crushing (using a pestle and mortar) the rock material 
down to 2-5mm fragments. A fraction (5g for shales) of the crushed material was then 
placed into a 600m1 plastic beaker ready for maceration. The first stage of the 
maceration technique was to add 20% concentrated hydrochloric acid (HC1) to the 
sample (topping up if necessary) until all reaction ceased in order to remove any 
carbonates present; once this had occurred the beaker was topped up with distilled 
water and left to settle for 24 hours. The liquid was then decanted. 
The next stage of processing involved the addition of enough cold 40% hydrofluoric 
acid (HF) to cover the sample (ca. 100 ml) in order to remove any silicates present; the 
sample was then left for 48 hours before the addition of distilled water. After 24 hours 
the sample was again - decanted before the addition of 20% HCl (ca. 200ml) for a 
second time to remove any fluoride crystals which may have precipitated during the 
HF treatment. This was left for a few minutes then the sample was topped up with 
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distilled water, left for 24 hours and decanted. The sample was then subjected to a- 
further two washes with distilled water. The next stage consisted of sieving the organic 
residue through a 10µm nylon mesh using distilled water; the fraction retained in the 
sieve suspended in distilled water was pipetted into clearly labelled air tight plastic vials 
ready for mounting on slides. 
The processing procedure is summarised below: 
Rock cleaned and crushed to 2-5mm fragments 
20% conc. HC1 to excess to remove carbonates 
40% conc. HF 48 hours to remove silicates 
20% conc. HC1-washing 
Washing with distilled water (x3) 
Sieve through 10µm mesh 
All processing involving acids was carried out in a 'HF grade fume cupboard and 
according to COSHH regulations, including other appropriate safety precautions such 
as rubber gloves, safety glasses and laboratory coat for procedures using HCI, with the 
addition of elbow-length thick rubber gloves, a thick rubber apron and a full face visor 
for the stage of the work involving HF. 
The amount of material processed depended on the sample lithology in question and is 
shown below: 
Shales ca. 5g 
Silts ca. 7.5g 
Sands ca. lOg 
Limestones ca lOg 
The slides were strew mounted on standard palynological slides. About 0.25m1 of 
water suspended residue was pipetted evenly over a coverslip' and allowed to dry for 
24 hours. A few drops of Elvacite (DuPont) were placed on the centre of the slide'and 
the coverslip lowered onto it; the finished slides were then allowed to set for 24 hours 
before use (note this procedure should be carried out in a fume cupboard). - The 
mounting medium was made up by adding 65g of Elvacite 2044 powder to 100mi of 
the solvent xylene; again, this should be carried out in 'a fume cupboard using gloves 
and safety glasses. Elvacite is the preferred mounting medium as it does not fluoresce 
when exposed to blue-light excitation; this allows the easy estimation of the fluorescent 
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intensity of the particles on the slide. This is not the case with glycerol which is highly 
fluorescent and so makes the identification of low-medium fluorescent particles 
practically impossible. 
In the early part of this project (during the processing of the - samples from the 
Bearreraig Sandstone Formation) glycerol was used as the mounting medium. In this 
case the glycerol was melted on a hot plate and a small amount was placed in a glass 
vial and ca. 0.25ml of residue was then mixed with the glycerol This mixture was then 
pipetted onto a coverslip which was also on the hot plate and allowed to dry. The slide 
was placed on the hot plate and a few drops of glycerol were placed on the centre of 
the slide, the coverslip was lowered onto the slide and the finished slide was removed 
from the hotplate and allowed to dry and cool before use. 
2.2 Analysis 
2.2.1 Fluorescence and Scanning 
Each slide was examined under incident blue light fluorescence using an Olympus 
BH2-RFCA microscope at x20 magnification (or x40 for more detailed examination of 
particular particles). This was primarily to determine the preservation of any 
amorphous organic matter (AOM) and palynomorphs present, according to the 
preservation scale of Tyson (1995) which is summarised in Table 2.4. See Tuweni and 
Tyson (1994) for an example of the application of this scale. 
Notes were also made on the relative fluorescent intensity (= preservation) of the 
remainder of the liptinitic fraction of the assemblage (i. e. cuticle, sporomorphs, 
dinocysts and Botryococcus), and on the abundance of particles which are more easily 
observed under fluorescence, such as some Botryococcus and acritarchs. 
As the fluorescence observations were carried out on an Olympus BH2-RFCA 
microscope, which is also equipped with normal transmitted white light, these 
observations were combined with scanning the slide (with a x20 objective) for the 
apparent presence/absence of palaeoecologically significant palynomorphs which might 
not have shown up during counting (if either rare or strongly diluted). 
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d? r. 
1) Kerogen is completely non-fluorescent (except for rare fluorescing palynomorphs). 
a) AOM rare/absent. 
b) AOM present. 
2) Most palynomorphs fluoresce but matrix of autochthonous AOM remains 
predominantly non-fluorescent. 
a) Palynomorphs show dull orange-yellow fluorescence 
b) Palynomorphs show yellow green fluorescence. 
3) Most palynomorphs fluoresce; matrix of AOM shows dull fluorescence just visible 
above background. ; ý_, ;s 
4) AOM matrix shows moderate and heterogeneous fluorescence (visible but clearly 
less than in situ palynomorphs). 
5) AOM matrix shows strong and heterogeneous fluorescence (intensity is close to 
that of ordinary in situ palynomorphs). 
6) Matrix of AOM shows rather homogeneous and very strong fluorescence, bright, _,, 
yellow, like telalginite (not encountered in this study). 
Table 2.4. A qualitative preservation scale, based on immature kerogen examined 
under incident blue light fluorescence (from Tyson, 1995). 
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2.2.2 Kerogen Counts 
Point counts of 500 particles were carried out at x20 magnification on all slides in the 
study, with additional counts being made where necessary to give a minimum total of 
50 particles in the key opaque phytoclast category. The data was recorded on an 
electronic point counter, but the counts were made using manual traverses and took 
between fifteen and thirty minutes to perform (average ca. twenty-five minutes) per 
slide. The particles were classified into the kerogen categories shown in Table 2.5 (see 
section 2.3 for definitions). 
The phytoclast fraction was subjected to a much more detailed classification system 
than is normal in palynofacies studies to try to find out if any extra 
palaeoenvironmental or palaeobotanical information could be obtained. This 
classification also allowed the development of a 'phytoclast preservation index' and 
assessment of potential degradation pathways for the phytoclast fraction (see Chapter 
7.0). 
2.2.3 Palynomorph Counts 
Most slides were then also subjected to a detailed analysis of the palynomorph fraction 
based on a further count of 300 palynomorphs which took between fifteen and forty- 
five minutes to perform (average twenty to twenty five minutes). Table 2.6 shows the 
categories used for the palynomorph counts. The data was again recorded on an 
electronic point counter and traverses made manually. The decision whether to 
perform this second count was based mostly on the amount of palynomorphs seen on 
the slide, together with the position and importance of the sample under consideration. 
previous studies have often based this decision on a cut off point of a certain 
percentage of palynomorphs of kerogen (e. g. Tyson, 1989); however, in this study it 
was noted that whilst percentages of palynomorphs of kerogen could be quite low the 
absolute numbers of these particles on the slide were sufficient for counts to be 
performed. In practice this meant that only around 90 slides were rejected (out of a 
total of 470); this includes thermally affected samples not included in the final spread 
sheet. In many of the formations examined AOM percentages are high; large amounts 
of AOM on a slide can often mask other particle types, particularly palynomorphs. The 
use of routine fluorescence observations showed that this was not taking place apart 
from in the Lealt Shales Formation where the abundance ofAOM in some samples was 
masking many of the small acritarchs and some of the Botryococcus colonies present, 
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Notes were also made as to phytoclast and palynomorph preservation, and phytoclast size ana 
sorting. 
Table 2.5. Kerogen count categories; rank of categories decreases from right to left 




Spores (Sp) Thick-walled (Tks) 
Thin-walled (Tns) 












Leios heres Lei 
Others Botryococcus (Bot) 
Undifferentiated 
Undi 
Notes were also made on the preservation state of the various categories and the type of any 
acritarchs (long- or short-spined). 
*Cerebropollenites was not used as a category for Duntulm Formation samples. 
** The Dinoflagellate cyst category was subdivided into different genera common in 
particular parts of the Middle Jurassic sequence based on Riding et al. (1991) and Riding 
(1992), summarised in Table 2.7; an unidentified dinocyst category was also used. 
Table 2.6 Palynomorph count categories; rank of categories decreases from right to 
left. Also shown are the abbreviations as used in Tables 2.13 to 2.21. 
Strati a hic sequence Main dinofla ellate genera Also counted 
Bearreraig Sandstone Batiacasphaera Parvocysta 
Formation Caddasphaera 
Nannoceratopsis 











Table 2.7 Genera used to subdivide the dinocyst category within each major 
stratigraphic sequence. 
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such cases quantitative notes were made on acritarch and Botryococcus abundance 
when the slides were examined under fluorescence. 
2.3 Definitions of Kerogen and Palynomorph Categories 
The components of the kerogen can be separated into three main groups: the 
phytoclasts and palynomorphs (both of which are structured) and Amorphous Organic 
Matter, which is structureless (Tyson, 1993,1995). Palynomorphs are all HCl and HF 
resistant organic-walled microfossils; phytoclasts are plant derived particles that are 
literally clasts (Tyson, 1993). 
2.3.1 Kerogen Classification 
2.3.1 (a) Phytoclasts 
Black wood 
Black or opaque in colour even at grain boundary; sharp outline; mostly no internal 
structure, but laths may show pits (Tyson, 1989; Tuweni & Tyson, 1994); subdivided 
into: 
Equant (length: width ratio <2) 
Lath (length: width ratio >2) 
Biostructured (= botanically structured) brown wood 
Translucent, generally brown in colour; lath to equant in shape; clearly visible internal, 
structure, subdivided into: 
Striate: Shows thin (regular) fibrous lineation (? = degraded bundles of Boulter & 
Riddick, 1986; Boulter, 1994). 
Striped: Irregular or unequal stripes (may be thickenings).  
Banded: Regular and equal parallel sided (fusiform) thickenings (Tyson, 1989). 
Pitted: Bordered or scalariform pits (Tyson, 1989). 
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The striate, striped, banded and pitted material is probably derived from the tracheid 
tissue of higher plants (Boulter & Riddick, 1986; Tyson, 1989; Boulter, 1994). All the 
biostructured brown wood categories were also divided into: 
Undegraded: Sharp outline (may be slightly irregular); may be splintered. 
Degraded: More diffuse outline; irregular; if striate then often looks fibrous at 
ends; striped and banded material often shows associated multiple splitting 
along lines of structure. 
Non-biostructured (= no botanical structure) brown wood 
Translucent, generally brown in colour; lath to equant in shape. Divided into: 
Undegraded: Sharp outline (may be slightly irregular); may be splintered. 
Corroded: More diffuse outline; irregular. 
Pseudoamorphous: Often light brown in colour; usually equant in form; 
starting to show some features of AOM, particularly gradational margins, but 
mostly homogeneous in appearance, not pyrite specked, no inclusions. 
Cuticle 
Pale yellow green in colour; irregular; sheet like; cellular; usually strongly fluorescent; 
epidermal tissue of higher plants (Tyson, 1989). r 
Membranes 
Pale grey; thin; sheet-like; irregular; often pyrite specked; occasional poorly defined 
? cellular structure; may be weakly fluorescent. 
2.3.1 (b) Palynomorphr 
Sporomorphs 
All palynomorphs produced by terrestrial macrophytes; fluorescence properties vary. 
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Marine plankton 
Includes dinocysts, acritarchs, prasinophytes; fluorescence properties variable; some 
taxa may tolerate brackish conditions (see Chapter 10.0). 
Undifferentiated palynomorphs 
Unidentifiable palynomorphs that may belong to either of the above two categories. 
Botryococcus 
Brown to green-yellow; colonial freshwater algae; often globular in appearance; 
sometimes visible pseudo-radial structure at periphery; typically strongly fluorescent; 
cell cups visible under fluorescence. 
2.3.1 (c) Other 
Fungal hyphae 
Brown in colour; uni- or multicellular thin tubes; probably chitinous (Boulter & 
Riddick, 1986; Boulter, 1994). 
Foraminiferallinings I 
Tectinous linings derived from certain marine benthic foraminifera (Tyson, 1989, 
1995). 
Amorphous Organic Matter (AOM) 
Yellow, orange, brown or grey; irregular particles; rounded to angular; gradational 
margins; heterogeneous; usually pyrite specked; varied common micro-inclusiöns; 
often strongly fluorescent, but can be variable (Tyson, 1989). 
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2.3.2 Palynomorph Classification 
Spores 
Produced by pteridophyte plants; usually exhibit a trilete mark; often show variable 
orange-yellow fluorescence. Subdivided into: 
Thick-walled: Markedly thickened outer wall, also often ornamented and large. 
Thin-Walled: 'Normal' or simple spores, often smaller than above. 
Pollen 
Produced by gymnosperm plants, subdivided into: 
Bisaccates: Conifer (usually) pollen with two distinct sacci (Traverse, 1988); 
usually show variable yellow-green fluorescence. 
Callialasporites: Long-ranging monosaccate pollen genus, probably coniferous 
(Traverse, 1988); may show orange-yellow fluorescence. 
Cerebropollenites: Long ranging multisaccate pollen genus; usually show variable 
yellow-green fluorescence. 
Unidentified Pollen: All pollen grains not in above categories; usually show variable 
fluorescence. 
Dinoflagellate cysts 
Sporopollenoid (algaenan) cysts of dinoflagellates; usually show quite strong yellow- 
green fluorescence. 
Acritarchs 
Resistant walled microscopic organic body of uncertain origin, characterised by varied 
ornament but mostly acanthomorph or polygonomorph taxa (Traverse, 1988); typically 
strongly fluorescent (yellow-green). 
Leiospheres 
Thin-walled spherical body lacking sculpture, probably (prasinophyte) algae (Traverse, 
1988); typically brightly fluorescent. 
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Tasmanites type algae 
Large, thick, perforate walled palynomorph; phycomata (fossilising pelagic organic 
body) of prasinophyte algae; typically brightly fluorescent (Traverse, 1988; Tyson, 
1993,1995). 
Botryococcus 
As in kerogen classification. 
2.3.3 Discussion of Clcssification 
This classification system, parts of which appear in Tyson (1984,1989), is one of the 
most detailed that has been applied in palynofacies analysis (c. £ the proposed standard, _. 
classification system in Traverse 1994 p. 3, and the comparison of various systems 
given in Tyson, 1993, p. 156-157). It attempts to satisfy the criteria laid down in Tyson 
(1993,1995) for detailed palynofacies work, taking into account the variables 
summarised below (see also section 2.4): 
a) The biological provenance of the particles (e. g. different types of biostructured 
brown wood). 
b) Any ecologically significant groupings that may be reflected by particle types 
(e. g. different types of plankton and algae). 
c) The preservation states of the various particle types (e. g. degradation state of the 
brown wood). 
d) Any consistent or significant variation in size , morphology , or 
density likely to 
be reflected in the hydrodynamic behaviour of the particles (e. g. different types 
of black wood and spores). 
e) Any components with predictable differences in their geochemical character (e. g. 
AOM preservation, black vs. brown wood, telalginitic vs. ordinary 
palynomorphs). 
Most systems that have been used in the past have been biased towards one particular 
variable or another, for example in the system of Whitaker et al. (1992) the particles 
are grouped primarily by their expected hydrodynamic behaviour. 
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2.4 Trends in the Distribution of the Different Particle Types 
This topic is more fully reviewed in Tyson (1993,1995) and is only briefly reviewed 
below. The trends are summarised in Table 2.8, and the selective preservation scheme 
for phytoclasts is shown in Table 2.9 (see Chapter 7.0 for further discussion of this). 
The most important variable controlling the parameter trends is proximality; the 
concept of proximality used in palynofacies work involves a number of interrelated 
factors which are listed below (from Tyson, 1993,1995): 
a) Proximity to the fluvio-deltaic point source of siliciclastic sediment and 
terrestrial organic matter (phytoclasts). 
b) The magnitude of the fluvio-deltaic point source(s) (i. e. its discharge rate). 
c) The magnitude and nature of terrestrial primary productivity in the sediment 
source area. 
d) The relative total duration of transport (intermittent or continuous) between the 
particle source area and its final site of deposition. 




A high percentage of phytoclasts in the kerogen assemblage can reflect high supply, 
preferential preservation or preferential sedimentation depending on the nature of the 
assemblage (Tyson, 1993). Poorly sorted assemblages of mixed composition 
containing tissues which would not normally be preserved are characteristic of 
proximal settings close to the parent flora, where there is sufficient supply to dilute 
other kerogen groups (Tyson, ibid. ). This situation generally characterises inner shelf 
settings as most terrestrial organic matter in estuarine systems sediments out before 
salinities reach 3-10%o, large amounts only reach the outer shelf when markedly high 
discharge occurs, or the shelf is particularly narrow (Muller, 1959; Wollast, 1983; 
Tyson, 1993). 
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Parameter response Proximal »>Distal Increasing % sand-- 
% phytoclasts of kerogen hi »>1ow increases 
% AOM of kerogen low»>hi decreases 
% al omo hs of kerogen low»>hi decreases 
AOM fluorescence variable decreases 
Translucent: oa ue ph3loclasts hi »>low decreases 
Black equant: lath wood hi »>low increases 
biostructured (of brown woo low»>hi may increase 
corroded (ofnon"biostructured 
brown wood) 
high»>low may increase 
% banded/pitted (of biostructured 
brown wood) 
low»>high may increase 
% cuticle of h oclasts hi »>low may increase 
% sporomoiphs (of 
al omo hs 
high»>low»>high increases 
spores of oromo hs hi »>low increases - 
% thick-walled (of spores) hi »>low increases 
% bisaccates of ollen low»>hi decreases 
% marine plankton (of 
al omo hs 
low»>high»>low decreases 
% dino sts (of marine plankton) low»>hi »>low may decrease 
% acritarchs (of marine plankton) hi »>low may increase 
% Botryoccocus (of 
p al omo hs 
high»>low decreases 
Foraminiferallining frequency hi »>low decreases 
Tetrad frequency hi »>low [ may increase 
Table 2.8 Palynofacies trends (adapted mainly from Tyson, 1993,1995). 
I Y", 
Proximal Distal 
»»» Increasing Oxidation »»» 
Selective Preservation 
Non-Biostructured Brown---------Biostructured Brown Black 
Wood Wood Wood 
(Undegraded-Degraded) (Striate-Striped)-(Banded-Pitted) ü 
J 
Table 2.9 Selectively preserved phytoclast types at different points on a relative 
proximal-distal gradient; the assemblage at each point is characterised by relatively 
increased percentages of the component indicated (see Chapter 7.0). 
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Dominantly refractory phytoclast assemblages are characteristic of oxidising situations 
where only resistant (lignitic) woody material survives, such as fluvial and delta top 
settings where there is a strong chance of post-depositional oxidation. Similar 
assemblages dominate distal oxidising settings where only the resistant material has 
survived extended transport (Tyson, 1993). The hydrodynamic equivalence of 
phytoclast material leads to high percentages occurring in sediments of predominantly 
coarse silt/fine sand grain size; in terrestrially dominated facies it is this relationship 
that largely controls TOC values (Tyson, 1993). 
Percentage of AOM and its fluorescent intensity 
Tyson (1993, p. 1 u2) states that 'high percentages of fluorescent AOM reflect enhanced 
preservation under reducing conditions and, to a lesser extent, sedimentation removed 
from active sources of terrestrial organic matter'. Most of the marine organic matter in 
sediments is represented by AOM, but it is easily degraded when exposed to aerobic 
conditions. However, due to the large reservoir of marine organic aggregates available, 
when conditions are sufficiently reducing it often swamps other kerogen components 
(Tyson, 1987,1989,1993). 
The fluorescent intensity of the AOM is controlled by the redox conditions under 
which it was deposited; dysoxic-anoxic conditions preserve the labile hydrogen-rich 
components of the AOM. As the fluorescence as a whole is partly controlled by the 
planktonic source and inclusions within the particles, it is the fluorescence of the easily 
degraded matrix of heterogeneous amorphous particles that is the most sensitive 
indicator of redox conditions (Tyson, 1993). 
Percentage of palynomorphs 
The percentage of palynomorphs is primarily controlled by dilution by either AOM or 
phytoclasts; therefore, it is highest in settings where these two parameters are reduced 
(Tyson, 1993). In such cases the interpretation depends on the nature of the 
assemblage; bisaccates and other pollen are often concentrated in low energy distal 
environments (see later), whilst dinocyst-dominated assemblages may reflect areas of 
high primary productivity (Tyson, 1993). 
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Sorting effects can also lead to concentrations of palynomorphs in sediments rich in 
medium fine silt grade material, with which they are hydrodynamically equivalent 
(Muller, 1959; Walletat at, 1977; Tyson, 1993). 
Translucent: opaque phytoclast ratio 
Opaque phytoclasts can be produced by either the oxidation of translucent particles 
(during prolonged transport or post depositionally), or as charcoal by wildfire (Tyson, 
1993). They are commonly reported as being dominant in coarse grained, high energy, 
organic-poor facies such as distributary channel sands and point bars (Fisher, 1980; 
Denison & Fowler, 1980; Parry et al., 1981; Batten, 1982; Boulter & Riddick, 1986; 
Bustin, 1988). This relationship has lead to the development of the idea that opaque 
phytoclasts are hydrodynamically equivalent to sand grade material (Fisher, ` 1980; 
Denison & Fowler, 1980; Parry et al., 1981). However, post-depositional oxidation is 
also common in such facies, as shown by the abundance of non-charcoal opaques in 
the deltaic facies of Fisher (1980), Denison and Fowler (1980), Hancock and Fisher 
(1981), and Fisher and Hancock (1985), so the relationship is probably due to" a 
combination of the two elements (Tyson, 1993). 
Whitaker et al. (1992) consider blade-shaped opaque phytoclasts to be the most 
buoyant material in the kerogen assemblage, but, also note that it is resistant i to 
degradation and can be concentrated in high energy environments (see below). Tyson 
(1989) shows an increase offshore in fine grained opaque phytoclasts relative-to 
translucent material. Tyson (1995) suggests that the transition from translucent to, 
opaque phytoclasts is primarily a subaerial effect that happens before the particles 
enter 
the sea; the subsequent ratio reflects relative preservation (opaque greater 
ithan 
translucent) and size sorting (as opaque particles are generally smaller). 
Equant: lath black wood ratio 
The interpretation of the opaque: translucent phytoclast ratio depends greatly on the 
morphological form of the opaque (black) wood that is encountered. Lath-shaped 
black wood is supposedly 'extremely buoyant' (Whitaker et at, 1992, p. 173), and is 
selectively transported to more distal settings where it is commonly dominant. This, 
relationship may also be partly due to the fact that the lath material is the result of 
break down of larger particles (lath or equant in shape) and is extremely resistant in 
nature (Whitaker et al., 1992). Relative decreases in the equant: lath ratio can therefore 
be used to indicate a shift to more distal deposition (Parry et al., 1981; Van der Zwan, } 
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1990; Gorin & Steffen, 1991). However, Van der'Zwan (ibid. ) also` shows that the 
opposite trend can occur, as do Frank and Tyson (1995). It would appear that the 
equant: lath sorting trends are also partly size dependant with lath-shaped particles 
increased in some high energy, proximal facies as they can be significantly larger than 
any equant particles (Tyson, 1995; Frank & Tyson, 1995). 
Percentage of cuticle 
Cuticle debris is derived primarily from leaves (Tyson, 1993). It was considered by 
Fisher (1980) to be the most buoyant type of terrestrially-derived organic matter, only 
deposited from the suspended load when energy conditions were particularly low. High 
percentages of cuticle have been found in deltaic distributary and prodeltaic fades by 
Parry et al. (1981) and Nagy et al. (1984); Batten (1973) shows a strong correlation 
between cuticle in the kerogen assemblage and macroscopic plant debris in the sample. 
In modem sediments cuticle debris shows a rapid decrease in abundance offshore 
(Muller, 1959). 
Particle size 
The particle size of tracheids, charcoal and cuticle have all been shown to decrease in 
an offshore direction, but phytoclast particle size is also strongly affected by the 
granulometric composition of the sediment, proximity to source, and any 
fragmentation during maceration (Tyson, 1993). 
2 4.2 Palynomorphs 
Percentage sporomorphs of total palynomorphs 
This is dependant on the proximity to a fluvio-deltaic source and on the productivity of 
fossilising plankton, especially dinoflagellates (Tyson, 1993). Therefore, the highest 
percentages are found in proximal areas where lowered salinities suppress any plankton 
production and sporomorph input is high (Muller, 1959; Cross et al., 1966; Davey & 
Rogers, 1975; Tyson, 1993). High percentages are also found at sites near to the 
parent flora, characterised by an over representation of locally derived sporomorphs 
and high variability (Muller, 1959; Darrell & Hart, 1970; Tyson, 1993). 
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Percentage marine plankton of total palynomorphs 
High percentages occur in essentially the opposite situations to those of sporomorph 
maxima: areas that are removed from fluvio-deltaic sources, poorly vegetated or. with 
high primary productivity (Tyson, 1993). 
Percentage spores of sporomorphs 
The presence of significant percentages of spores indicates substantial pteridophyte , 
vegetation and humid conditions. The predominance of spores over pollen indicates-, 
proximality as they are produced in lower numbers and transported less efficiently, the 
percentage then decreases offshore (Tschudy, 1969; Habib, 1982; Tyson, 1989,1993). 
Percentage thick-walled spores of total spores 
Decreases away from source due to hydrodynamic equivalence, larger, denser spores 
being generally deposited first (e. g. Parry et al., 1981; Habib, 1982). However, these., -, 
spores can also be selectively concentrated in any coarser sediment as there are no, 
other palynomorphs of similar hydrodynamic equivalence (Tyson, 1993). 
Percentage bisaccates of total pollen 
Due to their buoyancy, these grains are selectively transported to more offshore 
settings, their percentage increasing in relation to other pollen; relatively high 
percentages therefore indicate a (relatively) distal setting (Hopkins, 1950; Habib, 1982; 
Heusser, 1983; Traverse, 1988; Tyson, 1989,1993). However, Tyson (1993) shows_,, 
that there may be problems with this simple relationship due to waterlogging reducing 
buoyancy. Although Whitaker et al. (1992, p. 174) claim that these pollen have 
a 
....... waxy outer layer, rendering them less susceptible to waterlogging, Tyson 
(1995) 
cites evidence that demonstrates that waterlogging is definitely significant. Size sorting 
of the grains, and 'saturation' of the basin (if parent plant distribution is widespread) are 
also important. 
Percentage Botryoccocus of palynomorphs 
Botryococcus is known to be exclusively freshwater in origin and most fossil records.. 
of its occurrence are from lacustrine, fluvial, lagoonal and deltaic facies. However, 
their buoyant nature means that the colonies are often flushed out to outer shelf. 
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settings (Tyson, 1993). High percentages of Botyrococcus may therefore indicate 
proximality to a fluvio-deltaic source, and its presence in assemblages has been used to 
indicate at least some freshwater input to a system (e. g. Riding et at, 1991). 
Percentage acritarchs of marine plankton 
Significant percentages of acritarchs in Mesozoic sediments generally characterise 
shallow, marginal marine facies where dinocyst production in suppressed by brackish 
conditions (Wall, 1965; Tyson, 1993). They are therefore the most tolerant 
(euryhaline) of the marine plankton groups and have been used to recognise saline 
influences in generally non-marine settings (e. g. Hancock & Fisher, 1981). 
Percentage dinocysts of marine plankton 
Tyson (1993, p. 169-170) states that 'In most marine situations dinocysts are the 
predominant form of fossilising phytoplankton, and they normally form a very high 
percentage of the total organic-walled microplankton assemblage'. This is particularly 
the case in areas of high primary productivity. 
Percentage prasinophytes of marine plankton 
Prasinophyte algae dominate the marine palynomorph assemblage when the production 
of other groups was suppressed, especially in dysoxic-anoxic facies. Although modem 
fossilising representatives are'almost exclusively marine' (Tyson 1993, p. 170) the fossil 
phycomata (pelagic organic bodies) have often been regarded as having a brackish 
affinity, and have been found dominating lagoonal and shallow water carbonate facies. 
This could be attributed to the reason given above, or due to the holoplanktonic nature 
of the prasinophytes allowing them to be transported into these facies (Tyson, 1993); 
also the apparent brackish affinity is often based more on earlier interpretations rather 
than direct evidence (Tyson, 1995). 
Dinoflagellate diversity and dominance 
Diversity generally increases offshore, but onshore assemblages (particularly those in 
estuarine facies) show the most variability in diversity and are frequently characterised 
by high dominance (Wall et al., 1977). Low diversity high dominance assemblages are 
generally typical of stressful environments which can only be tolerated or exploited by 
specialised forms (Wall et al., 1977). If conditions are eutrophic, high productivity can 
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give rise to high dinocyst density and high dominance in such facies (Davey & Rogers, 
1975; Honigstein et al., 1989). For the purposes of this study the diversity is simply 
the number of different genera present in each sample (seen during counting or 
scanning); dominance was calculated using the formula of Goodman (1979): 
Dominance (%) _ (N1 + N2) / Nt 
where NI is the number of specimens of the most abundant genera in the sample; N2 is .E: 
the number of specimens of the second most abundant genera in the sample; Nt is the 
total number of specimens counted (discounting the unidentified dinocysts). 
Frequency of foraminiferal linings 
_s x Although they often form only <1% of the kerogen assemblage foram linings are an 




also have the advantage of providing evidence independent of palynomorphs as . the 
foraminifera are larger, heavier and not transported in the same way (Tyson, 1993).. - 
- 
2.5 Reliability and Reproducibility of Counts 
2.5.1 Introduction 
Palynofacies workers have often failed to fully consider the reproducibility and 
potential errors in their data; in this respect reflected light microscopy has been far 
more rigorous. Many published palynofacies studies give no reference to potential, - - 
variations produced by the point counting technique (e. g. Nagy et al., 1984), although 
it is often assumed to be around ±5% (absolute). In those studies that do include error - 
assessments the methodology presented is often far from rigorous. Oboh (1992) 
assessed reproducibility by point counting the same slide twice, and found a difference 
of less than 5%. Gorin and Steffen (1991) tried to establish a minimum number of-, 
points to count by counting 100 to 500 points and calculating the percentages for each 
increment of 100 counts to determine what addition to accuracy each extra 100 points 
brought. They concluded that 300 points should be counted because less than 1% in 
accuracy was added by continuing to count after this level, but that not much ; 
confidence should be placed on any variations in the parameters of less than 5%. 
i_ 
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In this study both of the approaches referred above have been used 
_to 
try to get an 
understanding of what levels of variation were likely to be significant, rather than 
artifacts of the counting method, and to demonstrate why 500 point counts were 
employed when the maximum for most published studies is 300. 
2.5.2 Number of Total Counts 
A slide containing a wide range of particle types (RCS 14) was counted for a 
maximum 500 particles; after each 100 points the percentage values for each of the 
parameters were calculated to give values for the 100,200,300,400, and 500 count 
totals so that any changes in the percentage values of different categories could be 
determined. 
The major reason for counting 500 points is that in this study many subsets of the total 
count have been employed in order to calculate the various parameters used to 
interpret assemblages (e. g. biostructured brown wood, black wood, etc. ). The 500 
total is needed so that -there are enough counts in the rarer categories to allow the 
reliable calculation of these subset percentages and some ratios (Tyson, 1993,1995). 
This is shown by Tables 2.10 and 2.11. Table 2.10 shows the standard deviation for a 
value of 5% of the total population and for various sub-totals when the total count is 
200. Table 2.11 shows the same values when the total count is 500. The standard 
deviation values have been derived from Traverse (1988, p. 490, his Fig. A. 11). 
The two tables show that when only a total of 200 points are counted the standard 
deviations for a 5% component of some of the subsets reach around 50% in relative 
terms for even some of the larger subsets (e. g. total phytoclasts, total non- 
biostructured brown wood), and are >: 150% in some of the smaller subsets (e. g. total 
biostructured brown wood). However, when 500 points are counted the subsets are 
calculated out of larger totals and the standard deviations are consequently lower, but 
there are still some subsets in which the standard deviations are relatively high (e. g. 
black wood, palynomorphs). It was for this reason that the black wood category was 
counted until the total was at least equal to 50 (to allow reliable calculation of the 
equant: lath ratio), and the separate palynomorph count was performed (to allow 
subdivision into an increased number of significant categories). 
The rest of the results are shown in Tables 2.12 to 2.15. 
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Category Count No. SD for 5% 66% of analyses within, ' 
Total o ulation 200 32% 5: h 1.6% 
Total phytoclasts 84 47% 5: h 2.4% 
Total al omo hs 26 88% 5f4.4% 
Total black 6 >150%* 5f >7.5%* 
Total brown 76 50% 5+ 2.5% 
Total biostructured brown 8 >150%* 5: 1: >7.5%* 
Total non-biostructured 
brown 
68 54% 5f2.7% 
* Not shown in Fig. A. 11 but SD for 5% of 10 counts is 150% 
Table 2.10. Standard deviation for 5% value for count totals of different subsets; total 
count 200. 
Category Count No. SD for 5% 66% of analyses within 
_ Total population 500 20% 5f 1% 
Total phytoclasts 200 32% 5f1.6% 
Total palynomorphs 65 55% 5±2.8% 
Total black 20 99% 5± 5% 
Total brown 170 34% 5: 1: 1.7% 
Total bio structured brown 20 99% 5± 5% 
Total non-biostructured 
brown 
150 37% 5±1.9% 
Table 2.11. Standard deviation for 5% value for count totals of different subsets; total 
count 500. 
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Count Bikequant Blklath Undgstrbro Degstrbro Undustbro Corustbro Psuustbro Cuticle 
100 2 2 0 3 24 9 1 0 
200 2 1 0 4 20 13 1 0 
300 2 1 0 5 19 12 1 0 
400 
,2 
2 0 5 17 12 1 0 
500 3 2 0 4 17 12 1 0 
Count Membranes Hyph ACM Sporo Mp Foram Bot Undif 
100 2 0 41 15 0 0 0 1 
200 1 0 43 12 0 0 3 1 
300 1 0 44 12 0 0 .3 1 
400 1 0 45 11 1 0 3 1 
500 1 0 44, 11 1 0 3 1 
Table 2.12. Percentage variations in particle frequency for 100-500 point counts: 
Simple percentages. (Key to al breviations in Table 2.5). 
Count Blkequant Blklath Undgstrbro Degstrbro Undustbro Corustbro Psuustbro Cuticle 
100.200 0.0 50.0 33.3 16.7 44.4 0.0 
200-300 0.0 0.0 25.0 5.0 5.4 0.0 
300-400 12.5 50.0 10.0 10.5 0.4 0.0 
400-500 15.6 6.7 2.2 1.2 1.2 20.0 
Count Membranes Hyph ACM Sporo Mp Foram Bot Undit 
100-200 50.0 3.7 20.0 0.0 
2p0300 34.0 2.8 2.8 6.8 33.0 
300-400 89.4 2.5 7.91 - 233.3 21.7 25.4 
400.500 20.0 11 1.2 6.0 20.0 1.5 60.0 
Table 2.13. Relative percentage changes in simple percentages over each 100 count 
increment (key to abbreviations in Table 2.5). 
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Count AOM Tphy Tpaly SporoIrpaly Mp/Tpaly Undif/Tpaly Blk1Tphy Brownflphy z 
100 41 43 16 94 0 6 9 F° 86 
200 43 42 13 92 0 8 7 90 
300 44 41 13 92 2 5 7 91 
400 45 40 12 88 8 9 87 
500 44 40 13 88 6 6 11 87 
Count Memfrphy Equlblk Lathlblk Str/bro Ust/bro Undfustbro Cor/ustbro Psulustbro 
100 5 50 50 8 92 65 32 3 
200 2 67 33 11 89 53 45 3 
300 2 67 33 13 87 51 46 3 
400 3 60 40 13 87 49 48 3 
500 3 62 38 13 87 49 49 2 
Table 2.14. Percentage variations in particle abundance for 100-500 point counts: 
Recalculated percentages (key to abbreviations in . 
Table 2 S). 
Count Tphy Tpaly SporodTpaly Mp/TPaIy Undif/Tpaly BIk/Tphy Bro/Tphy Cu/Tphy 
100-200 23 18.8 1.5 23.1 23.2 5.1 
200300 25 28 0.0 31.1 25 0.7 
300-400 3.0 3.1 5.0 243.9 23.0 28.8 4.0 
400-500 0.4 6.1 0.1 24.6 50.8 124 0.6 
Count Mern/Tphy EquPolk Lath/blk Stdbro Ustbro UndAistbro Codustbro Psu/ustbro 
100.200 48.8 33.3 33.3 29.8 26 18.9 37.9 71 26 
200-300 323 0.0 0.0 27.3 3.2 3.2 3.7 1.9 
300400 95.2 10.0 20.0 3.4 0.5 4.0 3.9 7.3 
400-500 19.7 3.2 4.8 1.2 0.2 0.2 1.3 " , 
19.2 
Table 2.15. Relative percentage changes in the recalculated percentages over each, 
100 count increment (key to abbreviations in Table 2.5). 
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Overall the simple (non-recalculated) percentages show an absolute range of generally 
f 4%, apart from the non-biostructured undegraded brown wood (Undustbro) 
category which varies by up to 7%. Changes in most of the categories can be seen 
from the 100-200-300 levels (e. g. sporomorphs decreasing from 15% to 12%), but 
after this nearly all the categories show very little (less than 1%) variation over the 
300-400-500 count levels, apart from the non-biostructured undegraded brown wood 
(Undustbro) category which continues to show relatively significant variation until the 
400-500 level. Apart from the percentage changes it is important to note that some of 
the rarer items such as marine plankton (Mp) and Botryococcus (Bot) do not appear in 
the counts until the 200 or 300 point leveL These data generally support previous 
studies indicating that 300 counts are sufficient for total population percentages. 
The relative changes in some of the simple parameters approach 100% (the very high 
value seen in the marine plankton category is due to the lack of occurrence of this 
parameter in the first two counts). The larger relative changes are generally occurring 
in those parameters where the absolute percentage abundances are low (e. g. black lath 
wood, membranes) and the relative percentage changes are lowest where absolute 
percentage levels are high, e. g. AOM (Fig. 2.2). In the majority of categories there is 
an overall decrease from the 100-200 to the 400-500 level, although the decrease does 
not always take place progressively, e. g. undegraded non-biostructured brown wood 
(Fig. 2.3). 
Tables 2.14 and 2.15 show that the recalculated percentages show a similar pattern to 
that described above with the components with low absolute percentage abundances 
(<10%) showing the greatest relative changes between count levels (e. g. black wood 
of phytoclasts). Those components with the greatest absolute percentage abundances 
show very low relative percentage changes (e. g. in the case of total phytoclasts the 
relative variation is less than 3%). Those parameters with neither particularly high or 
low absolute percentage levels show a characteristic pattern of a dramatic reduction in 
relative percentage changes between the 100-200 and 200-300 count increments and 
subsequent stabilisation of changes over the other increment levels, e. g. total 
palynomorphs (Tpaly) and undegraded (Und/ustbro) and corroded (Cor/ustbro) of 
non-biostructured brown wood (Figs 2.4 & 2.5). Note, however, that the biostructured 
of brown wood parameter (Str/bro) does not show this characteristic reduction until 
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It is important to note that as the categories become smaller (e. g. brown wood, black 
wood etc. ) the relative variations in the components become magnified from the simple 
percentage values. This particularly seems to be the case when the original simple 
percentages are lower than 3-4%, resulting in absolute recalculated percentages of less 
than 10%, showing potentially large relative variation, up to ± 95% in the case of 
membranes of phytoclasts (Mem/Tphy). 
The results demonstrate the desirability of counting 500 particles when one wishes to 
employ recalculated percentages and a rigorous classification system (i. e. with -many - 
categories). The large count size also means that any rare (and often 
palaeoecologically significant) components will be represented in the data and any 
potential within-count variation in the categories will have reduced to non-significant 
levels (less than 1% in absolute terms). 
2 5.3 Multiple Counts 
Six counts (500 points) were made over different areas of the same slide (RCS 13) to 
try to determine any variations due to the potential unequal distribution of the residue 
on the slide, and to determine the range of variation in parameters that may be an 
artefact of the counting technique (i. e. its reproducibility). Two counts were made 
using traverses across the top side of the slide, two across the middle and two' across 
the base of the cover slip. The simple and recalculated percentages for each count are 
shown in Tables 2.16 and 2.17 and in Figure 2.7. 
There is no clear relationship between the data and the part of the slide used for the . 
counts. The range of absolute variation of the simple percentage data shows a 
maximum of 6.4%, but this is limited to the AOM category and in fact the range of 
absolute variation in most of the categories is less than 3%, with only AOM and non- 
biostructured brown wood (range 4.4%) exceeding this figure. Although it has the 
greatest range, the standard deviation of the AOM category is only t 2.05% (Table : _. 
2.18), this is the maximum for any of the simple percentages. 
The amount of relative variation has been assessed by producing a value that is equal 
to the standard deviation divided by the mean, all multiplied by one hundred 
((SD/mean)* 100), this represents the final column in Table 2.18. This measure of 
relative variability, presented graphically in Fig 2.8, shows that the largest relative 
differences are occurring where the mean values of the categories are less than 1%, as 
in the case of many of the biostructured brown wood categories (e. g. striped). The 
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Sample No. Blke uant Blklath Strand Strand stria Strund st Strund band Strund it Strde 
RCS13m1 4.0 1.0 0.0 0.0 0.0 0.0 0.0 4.6 
RCS13t1 4.4 1.0 0.2 0.0 0.2 0.0 0.0 4.0 
RCS13b1 4.2 1.6 0.4 0.0 0.2 0.2 0.0 3.4 
RCS13m2 3.0 1.0 0.0 0.0 0.0 0.0 0.0 4.0 
RCS13t2 3.8 1.2 0.2 0.0 0.2 0.0 0.0 4.2 
RCS13b2 6.2 0.8 0.0 0.0 0.0 0.0 0.0 4.8 
Sample No. Strdegstria Strdegstp Strde band Strde it Ustund Ustcor Ustpsu Cu 
RCS13m1 0.4 2.8 1.0 0.4 15.8 8.0 0.8 0.2 
RCS13t1 0.0 2.8 1.0 0.2 13.2 11.2 0.4 0.0 
RCS13b1 0.0 2.4 1.0 0.0 13.8 10.8 0.8 0.2 
RCS13m2 0.0 2.6 1.2 0.2 11.4 9.4 0.8 0.2 
RCS13t2 0.4 2.6 1.0 0.2 15.6 10.8 0.6 0.2 
RCS13b2 0.0 3.6 0.4 0.8 14.4 9.8 0.8 0.2 
Sample No. Mem Hyph AOM S oro M Foram Bot Undif 
RCS13m1 0.6 0.0 50.8 10.8 0.4 0.0 2.0 1.0 
RCS13t1 0.8 0.0 50.4 10.8 0.4 0.0 2.2 1.0 
RCS13b1 0.4 0.0 50.0 11.4 0.4 0.0 1.8 0.8 
RCS13m2 0.6 0.0 54.0 12.0 0.4 0.0 2.4 0.8 
RCS13t2 1.0 0.0 47.6 12.0 0.0 0.0 2.0 0.8 
RCS13b2 0.4 0.0 50.2 9.2 0.4 0.0 2.0 0.8 
Table 2.16. Variations in simple percentages over six counts of slide RCS13 (key to 
abbreviations in Table 2.5). 
Sam le No. Th Tpaly AOM Blk/T h Bro/T h Cu/T h Memrr h E u/blk 
RCS13m1 35.0 12.2 50.8 14.2 83.4 0.5 1.7 80.0 
RCS13t1 35.2 12.2 50.4 15.3 82.3 OF 2.2 81.4 
RCS13b1 35.6 12.6 50.0 16.2 82.0 0.5 1.1 72.4 
RCS13m2 30.4 13.2 54.0 13.1 84.2 0.6 1.9 75.0 
RCS13t2 37.6 12.8 47.6 13.3 83.5 0.5 2.6 76.0 
RCS13b2 37.4 10.4 50.2 18.7 79.6 0.5 1.0 88.5 
Sample No. Lath/blk Str/bro Ust/bro Und /strbro De /strbro Stria/strbro Stp/strbro Ban/strbro 
RCS13m1 20.0 15.7 84.2 0.0 100.0 8.7 60.8 21.7 
RCS13t1 18.5 14.4 85.5 4.7 95.2 0.0 71.4 23.8 
RCS13b1 27.5 13.0 86.9 10.5 89.4 0.0 68.4 31.5 
RCS13m2 25.0 15.6 84.3 0.0 100.0 0.0 65.0 30.0 
RCS13t2 24.0 14.0 85.9 4.5 95.4 9.0 63.6 22.7 
RCS13b2 11.4 16.1 83.8 0.0 100.0 0.0 75.0 8.3 
Sample No. Pit/strbro Und/ustbro CorAistbro Psu/ustbro S oro/T al M /T al Undif/T al 
RCS13m1 8.7 54.1 43.1 2.7 88.5 3.2 8.2 
RCS13t1 4.7 46.2 52.4 1.3 88.5 3.2 8.2 
RCS13b1 0.0 48.6 48.6 2.7 90.4 3.1 6.3 
RCS13m2 5.0 44.5 52.3 3.1 90.9 3.0 8.0 
RCS13t2 4.5 50.3 47.7 1.9 93.7 0.0 6.2 
RCS13b2 16.6 48.3 48.9 2.6 88.4 3.8 7.6 
Key: m= traverse across nuawe or saae; i= traverse across top of slide; b= traverse across base of 
slide. 
Table 2.17. Variation in recalculated percentages over six counts of slide RCS13 (key 
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Fig. 2.7. a) toff) Variation in various kerogen categories over six counts of slide 
RCS13. (Key to abbreviations in Table 2.5). 
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Fig. 2.7. a) to, f) Variation in various kerogen categories over six counts of slide 
RCS13. (Key to abbreviations in Table 2.5). 
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RCSI3m1 RCS1711 RCS13D1 RCS13m2 RC813t2 RC813 
RCS13m1 RCS1311 RCS13b1 RCS13, RCS13t2 RCS13b2 
Variable Mean Std D Min Max SD/mean'100 
Strundgban 1 0.03 0.08 0.0 0.2 266.67 
Strundgstp 2 0.10 0.11 0.0 0.2 110.00 
Strundg 3 0.13 0.16 0.0 0.4 123.08 
Strdegstria 4 0.13 0.21 0.0 0.4 181.54 
CU 5 0.17 0.08 0.0 0.2 47.06 
Strdegpit 6 0.30 0.28 0.0 0.8 93.33 
Mp 7 0.33 0.16 0.0 0.4 48.48 
Mem 8 0.63 0.23 0.4 1.0 36.51 
Ustpsu 9 0.70 0.17 0.4 0.8 24.29 
Undif 10 0.87 0.10 0.8 1.0 11.49 
Strdegban 11 0.93 0.27 0.4 1.2 29.03 
Blklath 12 1.10 0.28 0.8 1.6 25.45 
Bot 13 2.07 0.21 1.8 24 10.14 
Strdegstp 14 2.80 0.42 2.4 3.6 15.00 
Strdeg 15 4.17 0.50 3.4 4.8 11.99 
Blkequant 16 4.27 1.06 3.0 6.2 24.82 
Ustcor 17 10.00 1.19 8.0 11.2 11.90 
Sporo 18 11.03 1.05 9.2 12.0 9.52 
Ustund 19 14.03 1.64 11.4 15.8 11.69 
AOM 20 50.50 205 47.6 54.0 4.06 
Table 2.18. Simple percentage variables, descriptive statistics for multiple (6) counts. 







Fig. 2.8. Variation of each simple percentage variable for data in Table 2.18, 
expressed as (standard deviation/mean) x 100. (Key to variables in Table 2.18). 
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12745a7a9 10 11 12 13 14 15 to 17 18 19 20 
lowest relative variation occurs in the categories with higher mean values such as non- 
biostructured corroded brown wood. 
The recalculated percentages show that any variation in the simple percentages is 
magnified as recalculation takes place out of smaller totals; for example, absolute 
variations within the brown wood category are of the order of 10% and up to 16% in 
the black wood category. This variation is particularly marked in the biostructured 
brown wood category where low totals combined with recalculation gives up to a 23% 
absolute variation for a range of only 5 points in the raw count data for the banded of 
biostructured wood category (Table 2.17). 
The relative percentage variation has again been assessed using the (SD/mean)*100 
parameter, as shown in Table 2.19 and Fig. 2.9. The figure shows a general pattern of 
low mean values correlated with the highest relative variation. This variation is 
particularly marked in some of the biostructured brown wood categories (e. g. striate of 
biostructured brown), and the majority of high relative variation values occur when the 
mean values are less than 5%. However, the absolute percentage variation in these 
cases is often less than 3%, apart from in the biostructured wood categories, and 
would not be interpreted as significantly different. Where the mean values are large and 
the relative variation measure is low (5-10%) the absolute variation within subset 
categories can be higher than this, up to 15%. The relative frequency of the occurrence 
of values less than or equal to 5% for each of the major parameters is shown in Table 
2.20. 
The results from this section show that the important relative variability lies in the 
recalculated subset percentage categories where total counts are low; this can lead to 
high absolute and relative variation. This seems to occur when simple percentages of 
less than 3-4% lead to recalculated percentages of less than 10%. The maximum 
relative variability levels occur when simple percentages are less than 1%, but the 
absolute variation that is taking place is low (less than 3%) suggesting that this high 
relative variation is not that important, as the small changes that are driving it would 
not be interpreted as significant anyway. Possibly more important is the potentially 
large absolute variation that is taking place around the high mean values of some 
parameters, which suggest that absolute variations of up to 10% may be expected due 
to the counting technique (particularly when the categories have low count totals), but 
the relative variability of these parameters is low indicating that all the counts are quite 
similar. The main problems are thus likely to occur in the subsets which are calculated 
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Variable Reliability Mean Std D Min Max SD/mean'100 
CuIrphy 1 low 0.48 0.24 0.0 0.6 50.00 
Mem/Tphy 2 low 1.80 0.63 1.0 2.6 35.00 
Psu/ustbro 3 low 2.43 0.65 1.3 3.1 26.75 
MpITpaly 4 low 2.77 1.38 0.0 3.8 49.82 
Stria/strbro 5 low 2.96 4.59 0.0 9.0 155.07 
Undg/strbro 6 low 3.31 4.21 0.0 10.5 127.19 
Pit/strbro 7 low 6.61 5.65 0.0 18.6 85.48 
Undif/Tpaly 8 moderate 7.12 1.01 6.0 8.2 14.19 
Tpaly 9 moderate 12.23 0.98 10.4 13.2 8.01 
Str/bro 10 moderate 14.83 1.20 13.0 16.1 8.09 
Blk/Tphy 11 moderate 15.18 2.11 13.1 18.7 13.90 
Lath/blk 12 moderate 21.09 5.78 11.4 27.5 27.41 
Ban/strbro 13 moderate 23.03 8.25 8.3 31.5 35.82 
Tphy 14 high 35.20 2.60 30.4 37.6 7.39 
Und/ustbro 15 high 48.69 3.34 44.5 54.1 6.86 
Cor/ustbro 16 high 48.88 3.42 43.1 52.4 7.00 
Stp/strbro 17 high 67.39 5.25 60.8 75.0 7.79 
Equ/blk 18 high 78.91 5.78 72.4 88.5 7.32 
Bro/Tphy 19 high 82.54 1.61 79.6 84.2 1.95 
Ust/bro 20 high 85.17 1.20 83.8 86.9 1.41 
Sporo/Tpaly 21 high 90.11 2.09 88.4 93.7 2.32 
Deg/strbro 22 high 96.69 4.21 89.4 100.0 4.35 
Table 2.19. Descriptive statistics for recalculated percentage variables from multiple 
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Fig 2.9 Variation of each recalculated percentage variable, measured by the standard 
deviation/mean*100. (Key to variables in Table 2.19). 
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123466799 10 11 12 13 14 15 16 17 19 19 20 21 22 
Kerogen Frequency 
(out of 440 
Palynomorph Frequency 
(out of 356) 
AOM/kero en 76 (17%) S romo hs/ al omo hs I <I% 
Ph oclasts/kero en 0 Marine Tankton/ al omo hs 179 50% 
Pal omo hs/kero en 121 28% Undifferentiated/ al omo hs 283 (80%) 
Cuticle/ h oclasts 384 (87%) Bo ococcus/ al omo hs 244 (69%) 
Membranes/ h oclasts 338 (77%) S res/s romo hs 104 (29%) 
Black/ h oclasts 29 (7%) Pollen/s romo hs 0 
Brown/ h oclasts 0 Thick-walled/spores 173 (49%) 
Biostructured/brown 132 (30%) Thin-walled/spores 6 (2%) 
Non-biostructured/brown 0 Unidentified/ pollen 0 
E uant/black 1 <I% Bisaccates/ lien 14 (4%) 
Lath/black 12 (3%) Dinocysts/marine plankton 55 (15%) 
Striate/biostructured brown 194 (44%) Acritarchs/marine plankton 237 (67%) 
Stri d/biostructured brown 80 (18%) 
Banded/biostructured brown 130 30% 










S romo hs/ al omo hs 11 (3%) 
Undifferentiated/ al omo hs 135(31%) 
Marine lankton/ al omo hs 158 (36%) 
Table 2.20. Relative frequency of cases in which each major parameter gives values 
of less than 5%. 
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out of low count totals, for it is here that high variability can occur. The categories 
where this effect is likely to be most apparent are: 
From the kerogen counts: - 
1) Black wood morphological types; the percentages should be treated with caution as 
totals are sometimes low, where possible the ratio derived from the extra counts 
should be used. 
2) Biostructured brown wood structure types; for the whole of this work the 
proportions of each structure type in the undegraded and degraded sections have been 
totalled to try to reduce this effect, but sometimes counts can still be very low. 
.E 3) Total palynomorphs (from the kerogen count) palynomorph types; separate 
palynomorph counts have usually been performed, but occasionally this category has to 
be used. 
From the palynomorph counts: - 
4) Total spores, thin- vs. thick-walled; in this study spores often make up only ca. 3% 
of the total assemblage, so interpretation should be done with caution. 
5) Marine plankton (dinocysts/acritarchslprasinophytes/leiospheres); marine plankton 
can often be present at very low levels, in which case the percentage frequencies 
should be interpreted with care. 
6) Dinocyst genera; dinocysts can be very low in abundance, when the percentage data 
probably becomes unreliable, but useful presence-absence data can often still be 
derived. 
2.6 Details of Data Analysis 
2.6.1 Introduction 
All the raw count data was entered into a spreadsheet (EXCEL) and the simple and 
recalculated percentages were computed; section stratigraphic and ternary plots were 
generated using DELTAGRAPH, and the entire spreadsheet was imported into SPSS . 
where statistical procedures and other forms of data manipulation were carried out, 




2.6.2 Variables Used 
During this project two sets of data were generated from the two counts performed 
(Kerogen and Palynomorph counts). The variables generated from each count were 
used both separately (in order to examine the differences and reliability of the 
information given by each count) and together (in order to assess the extra detail made 
available by performing the palynomorph count, and for example, to give the best 
possible classification accuracy in discriminant function analysis; DFA). The variables 
used are shown in Tables 2.21 and 2.22. 
2.6.3 "Dummy" Variables 
Several factors were encoded in order to enter them into the spreadsheet so that they 
could be used as categorical (dependant) variables in DFA and other statistical 
procedures. 
All the samples were classified into different lithological groups based on a 
combination of hand specimen descriptions, field descriptions and descriptions from 
the literature (Table 2.27). These categories were used in both the sample and 
dominant lithology classifications (see Chapter 4.0). 
All the samples were then placed into gross lithology categories of shales (shales and 
silty shales), silts (shaley silts, silts, sandy silts), sands (argillaceous sands, silty sands, 
clean sands), and limestones (limestones, shaley limestones, argillaceous limestones, 
sandy limestones). See Table 2.27. 
The shale and silty shale lithology samples were placed into categories based on their 
GSA Munsell colour classification (Table 2.27). 
All the samples were placed into bioturbation level categories, based on field 
descriptions and published results (Table 2.27). 
All the samples were placed into shell abundance categories based on hand specimen 
descriptions and published results (Table 2.27). 
The whole sequence was divided following the classification by Hudson and Harris 
(1979) into environments based on macropalaeontological and sedimentological 
criteria (Table 2.23). 
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Variable Abbreviation 
AOM of kerogen (AOM) 
Phytoclasts of kerogen (Tphy) 
Palynomorphs of kerogen (rpaly) 
Black wood of phytoclasts (Blk/Tphy) 
Brown wood of phytoclasts (Bro/Tphy) 
Cuticle of phytoclasts (Cu/Tphy) 
Membranes of phytoclasts (Mem/Tphy) 
Equant of black wood (Equ/blk) 
Lath of black wood (Lath/blk 
Biostructured of brown wood (Str/bro) 
Non-biostructured of brown wood (Ust/bro) 
Undegraded of biostructured brown wood (Undg/strbro) 
Degraded of biostructured brown wood (Deg/strbro) 
Striate of biostructured brown wood (Stria/strbro) 
Striped of biostructured brown wood (Stp/strbro) 
Banded of biostructured brown wood (Ban/strbro) 
Pitted of biostructured brown wood (Pit/strbro) 
Undegraded of non-biostructured brown wood (Und/usthro) 
Corroded of non-biostructured brown wood (Cor/ustbro) 
Pseudoamorphous of non-biostructured brown wood (Psu/ustbro) 
Sporomorphs of palynomorphs+ (Sporolrpaly) 
Marine plankton of palynomorphs+ (MpfTpaly) 
Undifferentiated of palynomorphs+ (Undif/Tpaly) 
Foram linings of kerogen (Foram) 
Botryococcus of kerogen+ (Bot) 
When all variables were run together the palynomorph and Bobyococcusgroups (+) from the 
kerogen counts were not entered as they were replaced by the more reliable data from the 
palynomorph counts. 
Table 2.21. Variables generated from the kerogen count. 
Variable 
Sporomorphs of palynomorphs 
Marine plankton of palynomorphs 
Botryococcus of palynomorphs 
Undifferentiated of palynomorphs 
Spores of sporomorphs 
Pollen of sporomorphs 
Thick-walled of spores 
Thin-walled of spores 
Bisaccates of pollen 
Callialasporites of pollen 
Cerebropollenites of pollen* 
Other (undifferentiated) of pollen 
Dinocysts of marine plankton 
Acritarchs of marine plankton 
Tasmanites type of marine plankton 
Leiospheres of marine plankton 
* this category was not entered into procedures run on 


















the whole dataset or other sample sets 
Table 2.22. Variables generated from the palynömorph count. 
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Each section from the Bearreraig Sandstone Formation was divided into proximal- 
distal units based on field evidence and the work of Morton (1987) who gives 
approximate depths of deposition for the various members. The units were numbered 
incrementally upwards, so they either correspond to a proximal-distal or distal- 
proximal shift (Table 2.27). The Dun Caan Shales Member type section was divided 
into two units, a lower more proximal unit that corresponds to most of the member, 
and an upper relatively distal unit which corresponds to the top part of the member 
which shows evidence of stratigraphic condensation. The section sampled through the 
Udairn Shales-Holm Sandstone Member type section was subdivided in a similar 
fashion; the section coarsens upwards from silty shales at the base to silty sand at the 
top: unit 1 (most distal) corresponds to the lowest exposure of the Udaim Shales 
sampled, unit 2 to the bulk of the Udaim Shales Member, unit 3 to the lower part of 
the Holm Sandstone Member, and unit 4 (most proximal) to the middle part of this 
member, which was the upper limit of the section sampled. 
The Lealt Shales Formation was also divided using the salinity curve of Wakefield 
(1991) derived from ostracod assemblages (Table 2.24). 
The Duntulm Formation was divided using the lithofacies, biofacies and palynofacies 
presented in Andrews and Walton (1990); Table 2.25. 
The Staffin Bay Formation was divided in a similar fashion into the lithofacies of Sykes 
(1975a), and also according to the biofacies information in Hudson and Morton (1969) 
and Sykes (ibici ); Table 2.26. 
Other factors were similarly encoded, such as each formation and member (see Table 
2.27 for details). 
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Environment Code No. 
Open marine (OM) 1 
Bar (Bar) 2 
Anoxic basin Ano 3 
Supra-tidal ST 4 
Marine-hypersaline MHs 5 
Brackish-marine (BM) 6 
Brackish (B) 7 
Freshwater-brackish (FB) 8 
Freshwater 9 
Mudflat-alluvial (MU) 10 
Table 2.23. Environment classification and codes for the whole succession. 
Ostracod-salini %o Code No. 
0-5 freshwater-miohaline 1 
5-10 mesohatine 2 
10-18 (pliohaline) 3 
Table 2.24. Ostracod-derived salinity classifications of the Lealt Shales Formation 
Lithofacies Code No. Biofacies Code No. 
Praeexogyra 1 Oyster shell bank 1 
Lst. -Shales (1) community (I a) 
Argillaceous 2 Inter-shell bank 2 
Lsts. (2) mud (2) 
Algal Lsts. 3 Algal marsh 3 
3a (3) 
Sandstones 4 Sandy lagoon 4 
4 community (4) 
Unio-Neomiodon mudstones 5 Low-salinity 5 
and sandstones (5) community 5 
Cryptalgal-rippled siltstones 6 'Marine' 6 
3b community lb 
Table 2.25. Litho- and biofacies classification of the Duntulm Formation (numbers in 
brackets represent designations in Andrews & Walton (1990), it was intended to use 
these as the codes but the SPSS program only accepts integers so they had to be 
redesignated). 
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Lithofacies Code No. Biofacies Code No. 
Calcareous clay-Lst. 1 Neomiodon 1 
Bituminous Shale 2 Neomiodon and others 2 
Silts and fine sands 3 Neomiodon-Pleurom a 3 
Ar ' aceous sands 4 Ctenostrea-Pleurom a 4 
Mudd silts 5 Abundant C lindroteuthis 5 
Table 2.26. Litho- and biofacies classification of the Staffin Bay Formation. 
Basin Formation Strat sequence 
1= Sea of the Hebrides Basin 1= Bearreraig Sandstone Formation (BSF) 16 = BSF-DCSM 
2= Inner Hebrides Basin 2= Cullaidh Shale Formation (CSF) 15 = BSF-OSM 
3= Elgol Sandstone Formation (ESF) 14 = BSF-USM 
4= Lean Shales Formation (LSF) 13 = B-F-HSM 
Location 5= Valtos Sandstone Formation (VSF) 12 = BSF-RSM 
1= Trottemish, Skye 6= Duntulm Formation(DF) 11 = BSF-GCM 
2= Watemish, Skye 7= Kilmaluag Formation (KF) 10 = CSF 
3= Raasay 8= Skudiburgh Formation (SF) 9= ESF 
4= Eigg 9= Staffin Bay Formation (SBF) 8= LSF-KM 
7= LSF-LM 
Member 6= VSF 
1= Dun Caan Shales (DCSM) (BSF) 5= DF 
2= Ollach Sandstone (OSM) (BSF) 4= KF 
3= Udaim Shales (USM) (BSF) 3= SF 
4= Holm Sandstone (HSM) (BSF) 2= SBF-UOM 
5= Rigg Sandstone (RSM) (BSF) 1= SBF-BSM 
6= Dun Caan Shales, Raasay (DCSM(R)) (BSF) 
7= Beinn na Leac Sandstone, Raasay (BNLSM (R)) (BSF) 
8= Garantiana Clay (GCM) (BSF) 
9= Kildonnan (KM) (LSF) 
10 = Lonfeam (LM) (LSF) 
11 = Upper Ostrea (UOM) (SBF) 
12 = Belemnite Sands (BSM) (SBF) 
Table 2.27a. Key to encoded variables part I. 
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Uthology Gross Lithology Environment 
1 =shale 1= shales 1 =OM 
2= silty shale 2= sits 2= Bar 
3= shaley sit 3= sands 3= ANo 
4= silt 4= limestones 4= Spt 
5= sandy sift 5= M-Hs 
6= silty sand Bloturbatlon 6=BW 
7= argillaceous sand I= none 7=B 
8= clean sand 2= present 8= F-B 
9=limestone 3=strong 9=FW 
10 = limey shale 10 = MfA 
11 = argillaceous limestone Shells 
12 = sandy limestone 1= absent Sequences 
13 = sandy shale 2= present Morton 1989 
14 = shaley sand 3= common/abundant I=D 
15 = clay-ºnudstone 4= shell bed 2=E 
3=F 
Shale Colour GSA Munsell 
1= black (ON1) Cycles 
2= greyish black (ON2) 1= D1 
3= dark grey (ON3) 2= D2 
4: -: medium dark grey (ON4) 3=D3 
5= medium grey (ON5) 4= E1 
6= medium light grey (ON6) 5= E2 
7= fight grey (ON7) 6=E3 
8= olive black (5Y2/1) 
9= olive grey (5Y411) 
10 = brownish black (5YR 2/1) 
11 = brownish gey (5YR4/1) 
Table 2.27b. Key to encoded variables part II. 
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Proximal-distal Lithofacies Blofacles Ostracods-salinity 
BSF DF DF LSF 
DCSM 1=1 1 =1a KM+LM 
1= proximal 2=2 6=1b 1= 0-5 (fw-miohaline) 
2= distal 3= 3a 2=2 2=5.10 (mesohaline) 
6= 3b 3=3 3 =10.18 (pliohaline) 
USM-HSM 4=4 4=4 
1= most distal 5=5 5=5 Palynofacles 
4= most proximal DF 
SBF SBF 1 =1 
UOM UOM 2-2 
1= calclay/Lst. 1= Neomiodon 3=3 
2= bit. shales 2= Neomiodon+others 
3= silts/fine Sst. 
BSM BSM 
4= arg. Sst. 3= Neomiodon-Pleuromya 
5= muddy silts 4= Ctenostrea-Pleuromya 
5= Abundant Cylindroteuthis 
Table 2.27c. Key to encoded variables part III. 
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Plates Al-5. Amorphous Organic Matter (AOM). 
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Al. Very well preserved AOM (fluorescence scale 5) seen in transmitted white light. 
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A2. Same particle as Al viewed under incident blue light fluorescence. Note the 
microparticulate nature of the AOM. 
The extremely brightly fluorescent area in the top 
right of the AOM particle is the colonial 
freshwater-brackish alga Botryococcus. This 
colony is not visible under transmitted 
light. 
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A3. Well preserved AOM (fluorescence scale 5), the particle is more sheet-like than 
that shown in plate Al. Sample RNB9, Lonfearn Member, Lealt Shales Formation. 
Long axis = 120µm. 
A4. Moderately-well preserved AOM (fluorescence scale 4). Sample KE14, Kildonnan 
Member, Lealt Shales Formation. Long axis = 80µm. 
A5. Poorly preserved disseminated AOM (fluorescence scale 2). Sample BBR9, Rigg 
Sandstone Member, Bearreraig Sandstone Formation. Long axis = 80µm. 
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Plates P1-20. Phytoclast group. 
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P1. Black equant wood, angular. Sample BBE47, Dun Caan Shales Member, 
Bearreraig Sandstone Formation. Diameter = 70pm. 
P2. Rounded black equant wood. Sample LOK28, Duntulm Formation. Diameter = 
30µm. 
P3. Black lath-shaped phytoclast. Sample VS2, Valtos Sandstone Formation. Long 
axis = 90µm. 
P4. Undegraded striate biostructured brown wood phytoclast. Sample VS2, Valtos 
Sandstone Formation. Long axis = 901im. 
P5. Degraded striped biostructured brown wood phytoclast. Sample VS2, Valtos 
Sandstone Formation. Long axis = 80µm. 
P6. Undegraded banded biostructured brown wood phytoclast. Sample VS2, Valtos 
Sandstone Formation. Long axis = 140µm. 
P7. Degraded banded biostructured brown wood phytoclast. Sample BBE47, Dun 
Caan Shales Member (Bearreraig Sandstone Formation). Long axis = 50pm. 
P8. Undegraded pitted phytoclast. Sample VS2, Valtos Sandstone Formation. Long 
axis = 200µm. 
P9. Degraded pitted phytoclast. The pitting is scalariform ('ladder-like') in nature. 



























P10 and P11. Undegraded non-biostructured brown wood phytoclasts. Both sample 
LOK28, Duntulm Formation. Long axes 60 and 100µm respectively. 
P12 and P13. Corroded non-biostructured brown wood phytoclasts. Samples LOK33, 
and LOK28, Duntulm Formation. Long axes 100 and 90µm respectively. 
P14. Corroded/pseudoamorphous non-biostructured brown wood phytoclast, showing 
more degradation than P12 and 13. Sample LOK28, Duntulm Formation. Long axis = 
80µm. 
P15. Pseudoamorphous non-biostructured brown wood phytoclast. This particle 
shows gradational margins, but lacks the characteristic inclusions of AOM. Sample 
UOB 15, Upper Ostrea Member, Staffm Bay Formation. Diameter = 70µm. 
P16. Fungal hyphae. Sample KE5 1, Kildonnan Member, Lealt Shales Formation. Long 











P17. Cuticle showing visible cell structure. This particle shows no fluorescence and its 
light colour may reflect bleaching under oxic conditions. Sample LOK33, Duntulm 
Formation. 'Diameter= 150µm. 
P18. Cuticle, cell structure less visible than in P17. The appearance of the phytoclast 
suggests significant degradation has occurred, but it remains strongly flourescent 
(P19). Sample LOK28, Duntulm Formation. Long axis = 660µm. 
P19. Same particle as P18 viewed under incident blue light fluorescence. Short axis of 
cell = 20µm. 
P20. Membraneous phytoclast. Note the pyritic nature. This phytoclast is only weakly 
fluorescecent. Sample UOB3, Upper Ostrea Member, Staffin Bay Formation. 
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Plates E1-22. Palynomorph group. 
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El. Colony of the freshwater alga Botryococcus seen in transmitted white light. Note 
the characteristic lustrous yellow colour and pseudo-radial appearance at the periphery 
of the colony. Sample LOK33, Duntulm Formation. Long axis = 180µm.. 
E2. Botryococcus colony viewed in transmitted white light. (see also E3). Sample 
LOK33, Duntulm Formation. Long axis = 100µm. 
E3. As above viewed under incident blue light fluorescence. The cell cups are only just 
visible in this example. (see also E4 and E5). 
E4 and E5. Botryococcus colonies seen under blue light fluorescence. Note the typical 
brightly fluorescent nature and the visible cell cups. Both sample LOK33, Duntulm 







E6. Thick-walled spore showing characteristic trilete mark. Sample CGD50, Duntulm 
Formation. Diameter = 55µm. 
E7. Ornamented spore, also showing trilete mark. Sample LOK33, Duntulm 
Formation. Diameter = 40µm. 
E8. Simple thin-walled spore showing trilete mark Sample LOK36, Duntulm 
Formation. Diameter = 50µm. 
E9. Unidentified pollen grain. Sample LOK36, Duntulm Formation. Diameter = 60µm. 
E10. Callialasporites pollen grain. Sample UOB 15, Upper Ostrea Member, Staffin 
Bay Formation. Diameter = 40µm. 
Ell. Cerebropollenites pollen grain. Sample UOB18, Upper Ostrea Member, Staffin 
Bay Formatinn. Diameter = 50pm. 
E12 and E13. Bisaccate pollen grains. Both from sample LOK36, Duntulm Formation. 
Long axes 70 and 60µm respectively. 
E14. Megaspore. Sample CGD53, Duntulm Formation. Diameter = 360µm. 
E15. Mass of monosulcate pollen grains. Sample CGD53, Duntulm Formation. Long 
axis = 420µm. 
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E16. Pareodinia spp. dinocyst. Sample LBM5, Duntulm Formation. Long axis = 
701im 
E17. Ctenidodinium spp. dinocyst. Sample LOK11, Duntulm Formation. Long axis = 
60µm. 
E18. Jansonia manifesta dinocyst. Sample LOD8, Duntulm Formation. Diameter = 
30µm. 
E19 and E20. Gonyaulacacean dinocyst (Tubotuberella spp. ) viewed under 
transmitted white light and incident blue light fluorescence. Sample LBM1, Duntulm 
Formation. Long axis = 105µm. 
E21 and E22. Long spined acritarch (Micrhystridium) viewed under transmitted white 
light and incident blue light fluorescence. Sample LOK37, Duntulm Formation. 
Diameter = 30µm. 



















3.0 STATISTICAL METHODS 
3.1 Introduction 
With around 500 samples and over 30 variables this project generated a large amount 
of data which would have been difficult to interpret fully without the use of 
multivariate statistical techniques. There are many procedures which can be followed; 
the major techniques chosen in this case were those that had proved useful in the 
analysis of similar data and which took different but complementary approaches to data 
analysis, such as discriminant function analysis and cluster analysis. In practice the 
choice was somewhat constrained by the options available in the SPSS software 
package (release 6.0, SPSS inc. 1992) which was used to carry out the majority of the 
. tatisticäl analyses. 
One statistical procedure (constrained c'uster analysis) was carried 
out using the MVSP (release 2.1, Kovach computing services, 1993) software 
package. The SPSS package was used primarily because it is a WINDOWS 
(Microsoft) based version and allows easy import (from Microsoft EXCEL) and export 
of data and results; MVSP was used because it is the only available package, designed 
for geological applications, which contains the constrained cluster analysis technique. 
The current non WINDOWS status of the latter made it less easy to use, but data 
could be imported by converting conventional EXCEL spreadsheets to LOTUS 
compatible worksheet files (simply saving the files as WKS type in EXCEL). The 
graphics output of MVSP is of lower quality compared to SPSS, and cannot be easily 
imported into WINDOWS systems. -,,. 
The methods chosen can be divided into data reduction techniques (Factor Analysis) 
and those used for classification (Discriminant Function and Cluster Analysis). A brief 
introduction to each of the techniques used is given below; more thorough treatments 
of multivariate techniques may be found in Davis (1986), Hair et al. (1987), Kovach 
(1989), Swan and Sandilands (1995) and references therein. Some examples of the 
palynological application of the techniques are documented in Lenoir and Hart (1988), 
Kovach and Batten (1994), Hart (1994), and Darby and Hart (1994). 
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3.2 Factor Analysis 
3.2.1 Introduction 
The primary purpose of factor analysis is data reduction and summarisation; it is used 
to analyse the interrelationships between a large number of variables, and to explain 
any variation in terms of independent common underlying dimensions (factors). It is an 
interdependence technique, i. e. all the entered variables are considered simultaneously 
(Hair et al., 1987). 
For the purposes of this project component factor analysis has been used, the objective 
being to summarise most of the original variation in a minimum nur. ber of factors. The 
method is similar to principle components analysis (PCA), but focuses on the 
correlation between variables rather than the amount. of variance (Hair et al., 1987; 
Kovach & Batten, 1994). This is achieved by first creating a correlation matrix, (a 
complete table of intercorrelation amongst the data), which is then transformed to 
produce a factor matrix'from which the factors are extracted; this technique assumes a 
certain degree of underlying order exists in the data (Hair et al., 1987). 
3.2.2 Interpretation 
Before the analysis was performed by the computer the program options were set so 
that the number of factors extracted was equal to the number of input variables; not all 
of these factors are relevant. When component 'factor analysis is being used only 
factors having eigenvalues (latent roots, a measure of the variance of the dataset 
accounted for by the factor) of greater than 1.0 are considered significant, as these are 
the factors that account for at least the variance of a single variable (Hair et al., 1987). 
In practice, the four factors with the highest eigenvalues were considered, even if their 
eigenvalues were below 1.0, as the technique was being used in a non-rigorous manner 
i. e. just to examine the main sources of variation in the dataset. The -factor loadings 
represent the correlations between the original variables and the factors. Hair et al. 
(1987) state that most factor analysts consider loadings of f 0.3 to be significant, 0.4 
to be more important, and 0.5 to be very significant. However, factor analysis was 
used with the intention of showing only the large scale variations in the data set, thus 
the procedure was simple in statistical terms (no rotation of factors), and only loadings 
greater than or equal to ± 0.4 were considered relevant. Attempts were then made to 
name the factors (i. e. identify their nature) from the variable loadings. 
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In this study factor analysis was the initial multivariate statistical technique used 
because it is able to assess and summarise the main sources of variation within the 
dataset (see Table 3.1 for a worked example). It has only been applied to the total 
dataset and to those four formations from which over 50 samples have been obtained, 
and only the 'combined variables group' has been used containing the integrated set of 
variables derived from both the kerogen and palynomorph counts, the latter substituted 
for the less detailed palynomorph categories derived from the kerogen counts (section 
2.6). The datasets were left in the form of the recalculated percentages. 
3.2.3 Limitations 
There are many different techniques and no one knows which is best. There are many 
subjective aspects of factor analysis (e. g. deciding how many factors and which factor 
loadings are significant, the naming of the factors). Problems of reliability, if the data 
changes because of changes in the sample, measurement errors, or the data gathering 
process, these can also produce plausible differences in the results (Hair et al., 1987). 
3.3 Discriminant Function Analysis (DFA) 
3.3.1 Introduction 
In this study DFA has been used to assess the control that different dependent variables 
(e. g. lithology, lithofacies) have on kerogen and palynomorph assemblages. This 
technique is used when the dataset contains categorical dependent variables, and 
several matrix independent variables (e. g. the variables derived from the kerogen and 
palynomorph counts). The categorical variables usually consist of classifications (e. g. 
lithofacies or lithologies) into two or more groups (section 2.6). "Discriminant analysis 
involves deriving a linear combination of two or more independent variables that will 
discriminate best between the a priori defined groups" (Hair et al., 1987, p. 75). The 
equation takes the following form (ibid. ): 
Z=W1X1 +W2X2+W3X3 +......... +WnXn 
where 
Z= discriminant score 
W= discriminant weights 
X= independent variables 
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Example of factor loadings from the kerogen variables whole dataset analysis (a); those shown in 
bold type are considered relevant when factor names are assigned (b). 
(a) (b) 
Variable factorl factor2 
Botryo 0.57439 0.19795 
Foram lining -0.09895 -0.07328 
AOM 0.18016 0.67972 
Phytoclasts -0.6578 -0.57277 
Palynos 0.48375 -0.12031 
Striate/strbro -0.62102 0.13045 
Stripe/strbro 0.22931 -0.0081 
Band/strbro 0.52913 -0.22907 
Pit/strbro 0.27128 0.0232 
Lath/black 0.08026 0.801 
Equant/blck -0.08026 -0.801 
Blck/phytos 0.46706 -0.3697 
Bro/phytos -0.73843 0.1468 
Cor/unstrbro . 0.74759 -0.16978 
Undg/unstrb 0.81403 0.0011 
Psu/unstrbro -0.30974 0.64161 
Cutic/phytos 0.40383 0.12554 
Mem/phytos 0.55372 0.25208 
Str/brown 0.69571 0.0488 
Ustr/brown -0.69571 -0.0488 
Undg/strbro 0.61504 -0.07614 
Deg/strbro -0.20145 -0.00657 
Sporo/palyn 0.46418 -0.30999 
Marpl/palyn -0.24942 0.09891 
























The significant factor loadings are then considered and attempts are made to name the factor. The 
positively loaded variables commonly associate together and not with the negatively loaded variables 
group and vice-versa. Interpretation is carried out by comparison with known palynofacies trends 
(section 2.4), but also considering the inherent sympathetic variation that is expected. In this case the 
negatively loaded variables from factor 1 suggest a more proximal assemblage than the positively 
loaded ones, so this factor is named as Proximal-Distal. In the case of factor 2 the positively loaded 
variables suggest enhanced preservation of relatively labile particle types, not associated with 
phytoclast input, and so this factor is named as Preservation. 
(c) Variation accounted for by the first 2 factors examined in the kerogen variables whole 
dataset 
analvcir_ 
Factor Eigenvalue Pct of Var Cum Pct Factor Eigenvalue Pct of Var Cum Pct 
1 6.01071 24 24 2 3.02665 12.1 36.1 
Pct of Var refers to the percentage of variation of the dataset accounted for by that factor 
Cum Pct is the cumulative sum of the Pct of Var. 
Once the factor names had been assigned the amount of variation accounted for by that factor could be 
examined and compared between factors and formations, etc. For example in the above analysis 
factor 
1, Proximal-Distal effects, accounts for 24% of the variation, around twice as much as factor 2, 
Preservation, which accounts for 12%. This suggests that in this case Proximal-Distal effects are more 
important than preservational factors. 
Table 3.1. Factor analysis interpretation. 
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Discrimination is achieved by maximising the between group variance relative to within 
group variance, expressed as the between group to within group variance ratio (Hair et 
al., 1987). 
3.3.2 Assumptions 
There are several key assumptions made when using this technique: multivariate 
normality of distribution; unknown (but equal) dispersion and co-variance for the 
groups; equal costs of mis-classification; equal a priori group probabilities; known 
dispersion and co-variance structure. However, DFA is known to be a robust 
technique not sensitive to violations in these assumptions, particularly when sample 
sizes are large (Hair et al., 1987). 
3.3.3 Types of Discriminant Analysis 
Simultaneous analysis involves all of the independent variables being considered 
concurrently, regardless of their discriminating power, the discriminant function being 
derived from the entire independent variable set. In stepwise analysis independent 
variables are entered into the equation one at a time on the basis of their discriminating 
power (best first), then paired with each of the other independent variables until the 
one is found that best improves the discrimination, this process continues until the 
addition (or omission as independent variables can also be removed from the equation) 
of any new independent variables is judged as not contributing significantly to further 
discrimination (Hair et al., 1987). 
3.3.4 Classification by Chance 
In order to assess the level of accuracy of the prediction of a discriminant function it is 
necessary to determine the percentage that would be classified correctly by chance. 
There are two chance classification criteria: the maximum chance and the proportional 
chance (Hair et al., 1987). The maximum. chance criterion is used mainly when the 
objective of the discriminant function is to maximise the percentage correctly classified 
(Morrison, 1969 cited in Hair et al., 1987). It is the percentage of samples in the 
largest category of the dependent variable (out of the total number of samples). The 
proportional chance criterion is used when the intent is to correctly identify the 
members of two or more groups, as is usually the case (Hair et al., 1987). It is defined 
as: 
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Cprop = (p 1)2 + (2)2 +....... (pn)2 . 
where 
Cprop = proportional chance 
p 1= proportion of individuals in group 1 
P2 = proportion of individuals in group 2 
3.3.5 Interpretation 
For the purposes of this study the main way of interpreting discriminant function 
analyses has been through the examination and comparison of the classification 
matrices and the data contained therein. Hair et al. (1987) state that in order to be 
considered significant classification accuracies should be at least 25% higher than those 
that could be achieved by chance, but as was the case with Factor Analysis, no hard 
and fast rules were followed and the chance criteria were used only to give an idea of 
the significance of the accuracies that were found. When the stepwise method was 
employed Wilks' lambda values were used to identify the relative discriminating power 
of the independent variables chosen; larger values of this parameter, which varies 
between 0.0-1.0, indicate a greater contribution to the discriminating power of the 
equation (Hair et al., 1987), however, the values can only be compared within 
individual analyses. The mis-classified samples (samples which have been incorrectly 
classified into the wrong category ) have been profiled using data not included in the 
analysis (e. g. lithology, dominant lithology, lithofacies, bioturbation level, etc. ) so that 
the reason for their mis-classification can be established. 
In the example shown in Figure 3.1, comparison of the overall classification accuracies 
shows that the simultaneous analysis provides only a 5% better accuracy using all 17 
variables as opposed to 2 variables in the stepwise analysis. The accuracies of the 
individual groups show a similar pattern, being reduced somewhat, uniformly in the 
stepwise analysis. Examination of the two variables chosen -for this analysis shows that 
the percentage of Botryococcus is the variable that has the best discriminating power, 
and this is joined by the percentage acritarchs of marine plankton in the stepwise 
function. In the actual results section this would be followed by the profiling of the 
mis-classified samples (only for the all variables simultaneous analysis). For all the 
dependent variables analysed four discriminant function analyses were performed: 
simultaneous analyses on the kerogen variables group, the palynomoiph variables 
group and the all variables group, and stepwise analysis on the all (combined) variables 
group only (see section 2.6 for the variables included in each of these groups). 
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Classification matrix from the simultaneous analysis of the 
palynomorph variable roup from the Lealt Shales Formation, 
using Salinity as tghe dependant variable. The groups relate 
to the three salinity categories, 1- freshwater-miohaline, 
2= mesohaline, 3= pliohaline 
Classification results - 
No. of Predicted Group Membership 
Actual Group Cases 123 
-------------------- ------ -------- -------- -------- 




Group 2 25 
16.04 
14 7 
% 56.0°% 28.0% 
Group 3 17 
5.9% 17.6% 76.5% 
Percent of "grouped" cases correctly classified: 68.42% 
Classification processing summary 
76 (Unweighted) cases were processed. 
0 cases were excluded for missing or out-of-range group codes. 
0 cases had at least one missing discriminating variable. 
76 (Unweighted) cases were used for printed output. 
Classification matrix and summary table from the stepwise analysis 
of the palynomorph variables group from the Lealt Shales Formation, 
using 'Salinity' as the dependant variable 
Summary Table 
Action Vars Wilks' 
Step Entered Removed in Lambda 
1 %BOTRYOCOCCUS/PALYNOMORPHS 1 . 68448 2 %ACRI/MARINE PLANKTON 2 . 61212 
Classification results 
No. of Predicted Group Membership 
Actual Group Cases 123 
-------------------- ------ -------- -------- -------- 
Group 1 34 24 46 
70.6% 11.8' 17.68 
Group 2 25 3 
12.0's 4810' 40.0k 
3 17 01 Group 
. 0% 29.4 
5 12 
70.6 
Percent of "grouped" cases correctly classified: 63.16% 
Classification processing summary 
76 (Unweighted) cases were processed. 
0 cases were excluded for missing or out-of-range group codes. 
0 cases had at least one missing discriminating variable. 
76 (Unweighted) cases were used for printed output. 
In both the simultaneous and stepwise cases the maximum chance 
criterion (Cmax) is 45% (34/76) and the proportional chance 
criterion (Cprop) is 36% 




3.4 Hierarchical Cluster Analysis 
3.4.1 Introduction 
This is a technique where individual samples are grouped into clusters so that those in 
the same cluster have a greater similarity with each other than they do with individuals 
in other clusters. Clusters therefore exhibit high internal homogeneity and high external 
heterogeneity (Hair et al., 1987). In this respect the clusters are similar to the groups 
of discriminant function analysis (section 3.3), but cluster analysis differs in that the 
classification is according to natural (empirical) relationships not pre-recognised 
groups. There are many different approaches to cluster analysis, each with a different 
way of measuring the similarity (or distance) between two objects (samples) and with 
differences in the clustering algorithms which place objects (samples) into clusters 
(Tables 3.2 & 3.3). Unfortunately no one method has universal approval; some are 
briefly examined below. 
3.4.2 Similarity Measures 
The most commonly used measure is the euclidean distance which is essentially a 
measure of the length of a straight line drawn between two points (Hair et al., 1987, 
p. 299, their Fig. 7.3). The squared euclidean distance uses the sum of the squared 
distances as the calculation of the square root has no effect on the separation of the 
points. The Mahalanobis distance is a normalised version of the euclidean distance, 
whereby responses from data are scaled in terms of standard deviations and 
adjustments made for any inter-correlations between variables (Hair et al., 1987). The 
Spearman rank-order correlation coefficient bases correlations on the rank-order of 
abundances rather than the abundances themselves (Kovach, 1989). 
3.4.3 Discussion 
Kovach (1989) found that using the squared euclidean distance emphasised the more 
abundant varieties in his megaspore assemblages, and that using the Spearman rank- 
correlation coefficient gave the 'best' results as the non-metric approach meant that 
noise driven variations did not affect the coefficient. Hair et al. (1987) state that if the 
variables are inter-correlated (as is often the case in this project) then the Mahalanobis 
distance is likely to be the most appropriate as it weights all variables equally. 
Unfortunately this measure was not available on the SPSS PC package. 
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Measure Characteristics 
Euclidean distance ., t, Square root of the sum of the squared differences in values for each variable 
Squared euclidean 
distance 
Sum of the squared differences in values for each 
variable 
Mahalinobis distance Normalised version of euclidean distance 
Spearman correlation 
coefficient 
Non-metric ranking of distances 
Cosine Cosine between vectors of values 
Pearson correlation Correlation between vectors of values 
Table 3.2. Some popular similarity measures. 
Name Method of forming clusters 
Single Linkage Cluster Observation joined to a cluster if it has certain 
analysis (nearest neighbour) similarity with at least one member of that cluster. 
Clusters based on links between single entities. 
Complete Linkage Cluster Observation joined to cluster if it has certain level 
Analysis furthest neighbour) of similarity with all current members of the cluster. 
Average linkage cluster In all methods the observation is joined to cluster if 
analysis (simple average it has a certain average level of similarity with all 
linkage, centroid method) current members of the clusters 
Minimum variance cluster Generates clusters in such a way as to minimise 
analysis (Wards' method) within cluster variance; considered by some to be 
an average linkage method. 
Table 3.3. Clustering algorithms. (Adapted from Hair et al., 1987). 
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3.4.4 Clustering Algorithms 
Problems can occur with single linkage (nearest neighbour) clustering as chains of 
single links can be formed, eventually joining into one long chain in which case` the 
individuals at either end of the chain will be very dissimilar. Complete linkage (fiuthest 
neighbour) eliminates this problem, but both methods suffer from the problem that the 
shortest or longest distance may not represent the true similarity between two groups 
(Hair et al., 1987). The similarity between groups as a whole is used in average 
linkage, but these techniques tend to combine clusters with small variances, and be 
biased towards producing clusters with similar variances. Ward's method tends to 
combine clusters with a small number of observations and to produce clusters with 
similar numbers of observations. Centroid clustering suffers from reversals, where the 
distance between the centroids of one pair can be less than the distance of another pair 
merged at another time (Hair et al, 1987). 
3.4.5 Discussion 
Single and complete linkage are problematic because they rely on single extreme points 
to represent whole clusters; Kovach (1989, p. 257) rejects them on theoretical grounds 
stating that the use of one point is "space-distorting, causing groups to cluster as if 
they were closer or further apart than they actually are". He similarly rejects centroids 
as they "are non-monotonic and may contain reversals in which the level where two 
objects fuse is higher than the next level of fusion" which produces serious flaws in the 
dendrogram (ibid. ). 
Hair et al. (1987) state that average linkage and Wards' minimum variance clustering 
are probably the best available hierarchical clustering methods, but note that many 
techniques should be employed and compared if possible. Indeed this seems to 
exemplify the rationale behind the application of cluster analysis: many different 
combinations of relevant distance measures and algorithms should be employed to test 
the strength of the clusters, before any one technique is chosen, and this technique is 
generally the one which gives the best (unambiguous) results (Kovach, 1989). 
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3.4.6 Comparison and Choice of Similarity Measures and Algorithms 
From the above discussion it was possible to discard many techniques, leaving only 
two measures of similarity (one metric and one correlation coefficient) and four 
algorithms (two average linkage techniques, one minimum variance technique and one 
from single/complete linkage for contrast). 
Figure 3.2 shows seven dendrograms resulting from the application of some different 
similarity measures (squared euclidean distance and the Pearson correlation) and 
clustering algorithms (average linkage, complete linkage, and Wards' method). To aid 
ease of comparison the clusters defined have been labelled A to F; the order of the 
lettering is arbitrarily based on the first dendrogram. Table 3.4 presents a comparison 
of the results. 
3.4.7 Algorithm 
Table 3.4 shows that there are no major changes in the cluster memberships using the 
different algorithms apart from the fact that cluster C is not present when the 'within 
groups' average linkage, and Wards' method are used (Figs. 3.2 c& f); these two 
methods show the greatest changes in cluster membership from Figure 3.2a. In terms 
of the dendrogram characteristics, the two average linkage techniques are 
characterised by a high number of clustering levels, and in the 'within groups' 
dendrogram (Fig. 3.2f) clustering generally takes place at a high level on the resealed 
distance measure. The complete linkage method (Fig. 3.2b) gives a low number of 
clustering levels, and a low number of clusters at a rescaled distance value of 10; 
Wards' method (Fig. 3.2c) shows clusters joining at a low level on the resealed cluster 
measure, and is also different in terms of the most distinct clusters present (Table 3.4). 
The dendrograms that would be the most easy to interpret are the between groups 
average linkage (Fig. 3.2a) and Wards' method (Fig. 3.2c) 
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Fig. 3.2. Dendrograms from selected combinations of distance measures and 
clustering algorithms performed on the Staffin Bay Formation palynomorph group 
variables. 
a) 
Dendrogram using average linkage (between groups) and 
squared euclidean measure 
Rescaled Distance Cluster Combine 
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b) 
Dendrogram using complete linkage (furthest neighbour) and squared euclidean measure 
Rescaled Distance Cluster Combine 
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Dendrogram using Wards' method and squared euclidean measure. 
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Dendrogram using average linkage (between groups) and Pearson correlation measure 
Rescaled Distance Cluster Combine 
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e) 
Dendrogram using complete linkage. (furthest neighbour), and 
Pearson correlation measure 
Rescaled Distance Cluster Combine 
CASE05 10 15 ý 20 
25 
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Dendrogram using average linkage (within group) and squared euclidean measure 
Rescaled Distance Cluster Combine 
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Dendrogram using average linkage (within group) and Pearson 
correlation measure 
Rescaled Distance Cluster Combine 
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3.4.8 Similarity Measures 
Comparison of the two similarity measures when the algorithms are the same (Table 
3.4) shows that all the dendrograms are similar in terms of the number of clustering 
levels and number of clusters, but that the cluster memberships are only similar in the 
within groups and complete linkage techniques. However, in the latter cases the most 
distinct and similar clusters are different. In the between groups dendrograms (Figs. 
3.2 a& d) the use of the Pearson correlation measure results in the combination öf - 
cluster C with other clusters, and there are also other changes in cluster membership. 
Also, when the Pearson correlation measure is combined with Wards' method (not 
shown) the dendrogram produced consists of just one cluster at the lowest level! 
It would appear that either of the similarity measures presented here could be used 
successfully as long as W^rds' method is not employed as the algorithm. 
A clustering algorithm had to be chosen for this study. The fiuthest neighbour (and 
nearest neighbour) techniques were rejected as they rely on one point to represent Aa 
cluster. Wards' method produces a relatively simple and easy to interpret dendrogram, 
but some relatively different clusters may combine at a low level (as was the case when 
it was combined with the Pearson correlation measure), therefore, the between groups 
average linkage technique seemed to be the best overall option. This has been 
combined with the squared euclidean distance - similarity measure which seems to 
be 
relatively simple and is readily available on SPSS. 
3.4.9 Constrained Cluster Analysis 
This is a special form of cluster analysis used for analysing sequential data. Clustering 
proceeds as normal, but the objects to be fused are constrained by having to be 
adjacent in the data matrix. The dendrogram thus has the objects (samples) in the same 
order as the input matrix (Kovach, 1993). In the case of this study this has allowed 
sections to be examined with the samples kept in stratigraphic order. The only problem 
with this technique is that constraint can cause distortion in the dendrogram such as 
reversals; these occur "where the distance between two objects is greater than that 
between the cluster of those two and the next object in the hierarchy" (Kovach, 1993, 
p. 35). In extreme cases this can make the dendrogram uninterpretable (Kovach, ibid. ). 
The squared euclidean distance has again been used as the distance measure, combined 
with the Wards' minimum variance clustering algorithm. 
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3.4.10 Interpretation 
All clustering methods produce dendrograms (e. g. Fig. 3.2), and it from these that 
interpretations are derived. There is no single rule which determines at which level 
clusters should be identified, but this process is usually carried out for several different 
numbers of clusters (Hair et al., 1987). In this project clusters have been analysed 
using their descriptive statistics, and profiled using characteristics such as lithology, 
lithofacies, etc. 
3.5 Multiple Regression Analysis 
3.5.1 Introduction 
Multiple regression is not strictly: a multivariate, technique as only one dependent 
variable is used (Swan & Sandilands, _ 
1995), but it is included in the multivariate 
statistics section in this work. It is a technique used to analyse the relationship between 
a single dependent variable and several independent (predictor) variables. The 
objective is to use the predictor variables whose values are known to predict the 
dependent variable value (Hair et al., 1987). 
The key assumption made in multiple regression is that the predictor variables are 
independent; if this is not the case the regression coefficients can be incorrectly 
estimated, and may have the wrong signs (Hair et al., 1987). The correlation between 
the independent variables can be measured by correlation coefficients (e. g. Pearson). If 
two variables are found to be interrelated this is known as collinearity: a correlation 
coefficient of 1.0 is known as complete collinearity, 0.0 represents a lack of 
collinearity. If all the independent variables are found to be interrelated this is known 
as multicollinearity (Hair et al., 1987; Swan & Sandilands, 1995). Unfortunately, in 
this dataset the predictor variables are likely to be interrelated no matter what 
procedures are carried out on them (e. g. log transformation); Hair et al. (ibid. ) state 
that if this is the case, the model should be used for prediction only, and that simple 
correlations between each predictor and the dependant variables should be used to 
understand the predictor-dependant variable relationship. 
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3.5.2 Interpretation 
The multiple regression results have been interpreted using the following parameters: 
Multiple R: indicates the strength of the association between the. dependent and 
independent variables. The coefficient varies between -1.0 and +1.0 and these would 
indicate a perfect inverse and normal relationship respectively; however, the magnitude 
of the coefficient is difficult to interpret (Hair et al., 1987). 
R squared (r2): coefficient of determination, measures the proportion of the variation 
of the dependent variable about its mean that is explained by the predictor variables. 
Varies between 0.0 and 1.0 (±); the higher the value of r2 the greater the explanatory 
power of the regression equation and the better the prediction of the dependent 
variable (Hair et at, 1987). 
Adjusted r2: coefficient of multiple determination adjusted `for degrees of freedom; 
increases as the number of regressors increases, provided that the decrease in error 
sum of squares is enough to compensate for the loss of a degree of freedom (Swan & 
Sandilands, 1995). 
Significance of F: measures the probability that the model is correct by chance; varies 
between 0.0 and 1.0: values close to 0.0 represent a low probability that the model is a 
chance occurrence (e. g. a significance of F value of 0.05 would indicate significance at 
the 95% level; B. Jones pers. comm., 1995). 
Regression coefficients (B): the numerical value of any parameter estimate that is 
directly associated with the independent variables; in multiple regression the regression 
coefficients are partial as they take into account the relationship between the predictor 
variables as well with the dependent variable (Hair et al., 1987). 
Beta Coefficients: these are regression coefficients resulting from standardised raw 
data (the data is transformed into new measurement variables with a mean of 0.0 and a 
standard deviation of 1.0), this eliminates the problem of different measurement units 
and allows the relative effect of each predictor variable on the dependent variable to be 
compared (Hair et al., 1987). There are potential problems with using the beta 
coefficients: Hair et al. (ibid. ) note that they should only be used as a guide when 
collinearity is minimal, that the values can only be interpreted in the context of the 
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other variables in the equation (not in any absolute sense), and that different variable 
values can affect the beta value. 
Significance of T: a measure of significance that gives the probability that the 
predictor variables contribution to the regression equation is occurring by chance; 
again this varies between 0.0 and 1.0, low values representing a low probability. of 
chance occurrence (B. Jones pers. com., 1995). 
In the actual interpretation a combination of the beta coefficients and significance of T 
values has been used to establish the relative effects of the different predictor variables 
on the dependant variable. 
3.5.3 Path Analysis 
Path analysis is a graphic explanation of the interrelationships among several variables; 
both causal relationships and interrelationships can be shown together with numerical 
measures of the strength of the relationships (Afifi & Clark, 1984). In this study the 
numerical measures of causal relationship are the beta values from the multiple 
regression and the interrelationships are the Pearson's correlation coefficient values 
between the independent variables. A simple example is shown in Fig. 3.3; X and Z are 
the independent variables, Y is the dependant variable, the figures on the X-Y and 
z, Y lines are the beta coefficients from the multiple regression of X and Z on Y, and 
the figure on the X-Z line is the correlation coefficient (Pearson's) between these two 
variables. The variable U represents other variables affecting Y that have not been 
included; the underlined value on the U-Y line is equal to 1.0 minus the coefficient of 
determination (r2) for the aforementioned multiple regression. In this case X is exerting 
more influence on Y than Z, and X and Z are correlated; the underlined value on U-Y 
(0.4) (= square root of 1-r2) is the proportion of the standard deviation of Y not 




Fig. 3.3. An example of a path analysis diagram (adapted from Affil & Clark, 1984). 
144 
3.6 Integration of the Results of Statistical Methods 
The three methods used (FA, DFA, Clustering), although different, each produced 
results that could be compared and contrasted. For example, in naming the factors the 
variables selected by stepwise DFA could be compared with those on the factor 
loadings, if they were similar the assigned name would be the same as that of the 
dependent variable used in the DFA. In such cases the relative importance of the 
variables on the factors (determined by ranking according to their loading scores) 
could be compared with the independent variables (and their ranking by Wilks' lambda 
values) derived from stepwise DFA 
The cluster and group memberships from the two classification methods was also 
compared to assess the strength of the control of pre-recognised factors (e. g. 
lithofacies). It was possible to 'bias' the clusters towards certain of these factors by 




THE EFFECT OF LITHOLOGY 
4.0 THE EFFECT OF LITHOLOGY ON PALYNOFACIES ASSEMBLAGES 
4.1 Introduction 
Sample lithology and dominant lithology (see below) have an effect on palynofacies 
assemblages that cannot be ignored, and in order to interpret palynofacies data 
properly this effect must be assessed, so that changes in the palynofacies assemblage 
that are simply due to changing sample lithology can be separated from actual facies or 
proximal-distal variations. For example, sandstones are known to have increased 
percentages of phytoclasts (due to hydrodynamic equivalence or selective 
preservation), so when one compares a sandstone and a shale is the increased 
percentage of phytoclasts simply due to the fact that one is now in a sand, or because 
the setting is more proximal? The dominant litholugy (see below) of a particular part of 
a section can also have an effect on the kerogen assemblage; one of the more obvious 
examples of this effect is the case of thin shale beds or partings in sandstone-dominated 
sections (Tyson, 1989,1995). The kerogen assemblages of samples from such shales 
often have characteristics which are closer to sandstones (e. g. rich in spores and 
phytoclasts), rather than typical shales; if only the sample lithology is recorded this may 
be interpreted as a facies change. 
Lithology or sample lithology (lith) refers to the lithology of the sample taken, defined 
in the field and in hand specimen. Dominant lithology (dlith) refers to the lithology of 
the adjacent interval as determined in the field or with reference to published logs; it 
was assessed over a vertical interval of 0.5-1. Om around the , sample 
horizon. In 
addition, gross . 
lithology (glith) categories have been defined by combining similar 
sample lithology categories: shales and silty shales were combined into a 'shales' 
category; shaley silts, silts and sandy silts were combined as 'silts; argillaceous, silty 
and clean sands combined as 'sands' and limestones, shaley limestones, argillaceous 
limestones and sandy limestones combined as a 'limestones' category. The sample 
lithology categories not mentioned above (clay-mudstone, shaley sand, and sandy 
shale; 18 samples in total) were not included in this classification as they could not be 
easily placed in any of the gross lithology categories. A gross dominant lithology 
(gdlith) classification was created using the same approach as described for the gross 
sample lithology. 
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The assessment of lithologic control has been carried 'out by the comparison of the 
differences in the mean values of parameters in different lithologies relative to shale 
(the palynological'norm'), and by the use of discriminant function analysis (DFA) to try 
to establish the extent of the control that lithology has on assemblage characteristics, 
both overall and in the case of the different lithology types. 
4.2 Lithology Types and Proportions 
i 
Fifteen different lithologies have been identified; their proportions in the total data! get 
are shown in Table 4.1; the gross lithology categories and proportions are shown in 
Table 4.2. 
The sample set is heavily skewed towards the finer grained sediments, with shales and 
silty shales together making up 60% of the rock types present (Tables 4.1 & 4.2). The 
sample, and to some extent the dominant lithology, classifications contain some 
categories that have only a small number of samples within them (e. g. shaley sands). 
Where the number of cases is 55 the categories are probably too small to be 
significant in terms of the whole dataset, but they can be used in interpretations by 
reference to a change between them and the adjacent sample lithologies where they 
occur. However, these groups are lithologically distinct so have been included in the 
sample lithology classification. 
The four major formations (Bearreraig Sandstone, Lealt Shales, Duntulm, and Staffin 
Bay) contain z 90% of the samples in the study; the distributions of their sample and 
dominant lithologies are shown in Figs. 4.1 to 4.4. The sample lithology distributions 
are all dominated by shales and silty shales, apart from in the Bearreraig Sandstone 
Formation where silty shale and shaley silt are the most common; the sandstone 
categories contain the majority of the rest of the samples, apart from in the Lealt 
Shales Formation where there are no sand sample lithologies. The largest dominant 
lithology categories are similar to those from the sample lithology classification in each 
case, although there are some differences. For example, the Lealt Shales Formation 
dominant lithology classification includes a clean sandstone category. 
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Type Code Lithology 
Percentage 
Lithology 






No. of cases 
Shale 1 33% 144 27% 119 
Sit shale 2 27% 118 32% 140 
Shale silt 3 14% 62 9% 39 
Silt 4 1% 5 na na 
Sand silt 5 0.2% 1 na na 
Sil sand 6 7% 31 6% 25 
Ar . sand 
7 7% 31 10% 43 
Clean sand 8 2% 8 7% 32 
Lst, 9 2.5% 10 3% 13 
Shale Lst. 10 2.5% 10 1% 6 
Are. Lst. 11 0.5% 2 1% 3 
Sand Lst. 12 na na 2% 9 
Sand shale 13 1% 4 na na 
Shale sand 14 1% 3 na na 
Clay-mud 15 2.5% 11 3% 15 
na = no samples in this category 
Table 4.1 Lithology (11th) and dominant lithology (dlith) types and proportions. 
Gross litholo Code No. of samples Percentage 
Shales 1 262 60% 
Silts 2 68 15% 
Sands 3 70 16% 
Limestones 4 22 5.5% 
Table 4.2 Gross lithology (glith) types and proportions. Total not equal to 100% due 












Shale Silty shale Shaley silt Silt Sandy silt Silty sand Arg. sand Clean sand Sandy Ist. 
Fig. 4.1 Bearreraig Sandstone Fm. lithology (lith) and dominant lithology (dlith) 












Shale Silty shale Shaley silt Silt Clean sand Umestone Shaley Let 
Arg. Lst 
Fig. 4.2. Lealt Shales Fm. lithology (lith) and dominant lithology (dlith) percentage 













Fig. 4.3. Duitulm Fm. lithology (lith) and dominant lithology (dlith) percentage 











Fig. 4.4. Staffin Bay Fm. lithology (lith) and dominant lithology (dlith) percentage 
distribution. (Total number of samples = 54). 
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Shale Silty chase Shaiey silt Silt Silty sand Arg. sand Clean sand Limestone Shaley Lat. Clay-mud 
Shale Sillty shale Shaley silt Silty sand Are. sand Clean sand Limestone Clay-mud 
4.3 Average Lithology 
An average lithology and dominant lithology have been calculated using only the 
siliciclastic sediment types which are ranked 1 to 8 in Table 4.1. Table 4.3 shows that 
the average lithology of the sample set falls between silty shale and shaley silt; the 
average dominant lithology is slightly coarser, being equal to shaley silt. The standard 
deviation of the dominant lithology is also significantly higher; this mainly reflects the 
fact that within coarse grained intervals the samples have been taken mostly from the 
finest grained sediments available, as these are more suitable for palynological study. 
Average lithology and dominant lithology for each of the formations studied have also 
been calculated; the stratigraphic variations are shown in Table 4.4. As one would 
expect the average lithology is coarsest in the two sandstone formations, but it is also 
high in the Skudiburgh and Stalin Bay formations; apart from the Skudiburgh, these 
formations generally also have the most varied lithologies (standard deviations). The 
dominant lithology means show a similar pattern. 
The percentage argillaceous (of siliciclastic) sediments for the sections of each 
formation sampled has also been calculated from lithological logs (Table 4.5) to try to 
establish whether the bias shown in Table 4.4 reflects the actual lithology or just the 
sampling. Comparison of the two tables shows that the %argillaceous samples is more 
than double the relative thickness of argillaceous sediment in the sand-dominated 
Bearreraig, Elgol, Valtos, and Staffin Bay formations, and this has lead to the 
significant underestimation of the average lithology in these cases. In the Skudiburgh 
Formation no argillaceous samples were taken as only a thin sand-dominated unit was 
sampled. 
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Lithology Dominant lithology 
Mean 2.64 3.07 
Standard deviation 2.02 2.42 
No. of cases 400 398 
t, 
Table 4.3. Average siliciclastic lithology and dominant lithology of the sample set. 
Formation name mean min max n std d 
Staffin Bay Fm. lith Shaley silt 3 1 8 49 2.72 
(SBF) dlith Shaley silt 3.1 1 8 52 2.7 
Skudiburgh Fm. Iith Arg. sand 7 7 7 5 0 
(SF) dlith Arg. sand 7 7 7 5 0 
Kilmaluag Fm. lith Silty shale 1.9 1 2 10 0.32 
(KF) dlith Silty shale 1.9 1 2 10 0.32 
Duntulm Fm. lith Silty shale 2.32 1 7 121 2 
F) dlith Silty shale 2.45 1 8 119 2.13 
Valtos Sandstone Fm. lith Silt 4.43 1 7 7 3.21 
(VSF) dlith Arg. sand 7 -7 7 7 0 
Lealt Shales Fm. lith Shale 1.49 1 4 69 0.63 
(LSF) dlith Silty shale 1.88 1 8 68 1.62 
Elgol Sandstone Fm. lith Silt 4.5 2 7 4 2.89 
(ESF) dlith Silty sand 6.09 2 7 11 2.02 
Cuilaidh Shale Fm. lith Shale 1 1 1 4 0 
(CSF) dlith Shale 1 1 1 4 0 
Bearreraig Sandstone Fm. lith Shaley silt 3.21 1 8 131 1.71 
(BSF) dlith Silt 3.84 2 8 122 2.36 
min = minimum; max = maximum; n= number of cases; std d= standard deviation 
Table 4.4. Variation in average siliciclastic lithology (lith) and dominant lithology 
(dlith) for the formations studied. 




Staffin Bay Fm. 33% 71% 
Skudibur h Fm. 83% 0% 
Kilmal Fm. 71% 100% 
Duntulm Fm. 74% 82% 
Valtos Sandstone Fm. 12% 43% 
Lealt Shales Fm. 97% 100% 
El of Sandstone Fm. 4% 50% 
Cullaidh Shale Fm. 100% 100% 
Bearrerai Sandstone Fm. 37% 82% 
Table 4.5. Percentage of argillaceous sediments of the total thickness of siliciclastics 
and percentage argillaceous samples of those used in the average lithology 
calculation for the sections sampled in each formation. 
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4.4 The Effect of Dominant Lithology 
4.4.1 Gross Lithology and Gross Dominant Lithology 
Gross dominant lithology (Gdlith) was combined with the gross lithology (Guth) to 
calculate sets of mean values for the three major kerogen groups (AOM, phytoclasts, 
and palynomorphs) for the cases where Glith and Gdlith = shale, and Glith = shale, but 
Gdlith = sand. 
Table 4.6 shows that (for the whole - dataset) when the gross dominant lithology is 
sand, the mean %A. OM is lowered by 30%, and the mean %phytoclasts increased by 
29% relative to the'shales in shales' values. The percen`age of palynomorphs is similar 
in both shale and sand gross dominant lithologies. 
The distributions of the different percentage values of AOM and total phytoclasts for 
the two glith/gdlith combinations have been plotted on frequency histograms in Figures 
4.5 to 4.8. In both cases the majority of samples have < 10% palynomorphs (of 
kerogen). In the case of AOM, when the gross dominant lithology is sand 15 out of 17 
cases have < 40% AOM, and only one case has > 50%; when the gross dominant 
lithology is shale there are many cases that have z 60% AOM. When the gross 
dominant lithology is sand there are no cases which have < 20% phytoclasts, and 11 
out of 17 cases have phytoclast values of > 50%. When the gross dominant lithology is 
shale the majority of cases have 20% to 40% phytoclasts, but there is a wide spread. 
Figures 4.9 and 4.10 show the percentages of AOM, phytoclasts, and palynomorphs in 
the two gross lithology/gross dominant lithology combinations described above in each 
of the four major formations. In the generally coarser Bearreraig Sandstone Formation 
there is no difference in values between the two gross dominant lithologies, but the 
other three finer grained formations show significant differences. The Lealt Shales and 
Staffin Bay formations show similar patterns, with AOM values decreased by 39% and 
90% (respectively), and %palynomorphs increased by 82% and 76% in the shales in 
sandstones relative to shales in shales. Percentages of phytoclasts are similar. In the 
Duntulm Formation the %AOM is increased by 51% and %palynomorphs decreased 
by 75% in the shales in sands category relative to shales in shales. Phytoclast 
percentages are again similar. - 
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Glith/Gdlith n AOM Phytoclasts Pal omo hs 
Shales/shales 219 33.9 44 19.7 
Shales/sands 17 23.5 56.6 17.2 
Table 4.6. Mean percentages of the three major kerogen groups in the shales gross 
lithology category (Glith) when the gross dominant lithology (Gdlith) is shales or 







Fig. 4.5. Distribution of AOM percentage values in the shales gross lithology 
category when the dominant gross lithology is shales. (Total number of cases = 219). 
AOM% 
Fig. 4.6. Distribution of AOM percentage values in the shales gross lithology 
category when the dominant gross lithology is sands. (Total number of cases = 17). 
















Fig. 4.7. Distribution of total phytoclast percentage values in the shales gross 
lithology category when the dominant gross lithology is shales. (Total number of 

















Fig. 4.8. Distribution of total phytoclast percentage values in the shales gross 
lithology category when the dominant gross lithology is sands. (Total number of cases 
= 17). Note different vertical scale to Fig. 4.7. 
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Bearreraig Sandstone Fm. Laut Shales Fm. Dtntlm Fm. Staffln Bay Fm. 
(r ' 25) (n e 59) (n - 85) (n - 33) 
Fig. 4.9. Mean percentages of the three main kerogen groups when both the gross 













Beanenig Sandstone Fm. Lealt Shales Fm. Duntim Fm. Staffin Bay Fm. 
(n - 7) (n ` 4) (n . 2) (n - 1) 
Fig. 4.10. Mean percentages of the three main kerogen groups when the gross 
lithology is shale and gross dominant lithology sandstone in each of the four major 







4.4.2 Sample Lithology and Dominant Lithology 
The effect of various dominant lithologies on the kerogen composition of the shale 
sample lithology category (= 33% of samples taken) has been assessed by examining 
sample lithology-dominant lithology combinations where the former is shale and the 
latter silty shale, shaley silt, etc. This was only carried out for the whole dataset as 
individual formations had too few examples to be significant. 
Figure 4.11 shows that for shale samples there is a 32% relative decrease in the 
percentage of AOM when the dominant lithology changes from shale to argillaceous or 
clean sands; there is also a slight decrease when the dominant lithology becomes silty 
shale. The highest percentages of AOM found in shales occur in limestone and shaley 
limestone dlith categories, but the' number of cases here is low. The percentage of 
phytoclasts shows the opposite pattern, with a 52% relative increase as dlith changes 
from shale to argillaceous sandstone, and a 53% relative decrease from shale to 
limestone. The percentage of palynomorphs shows a 48% and 30% relative decrease 
from shale to argillaceous and clean sand respectively; there are also relative decreases 
of 65% and 50% as it changes from shale to limestone and shaley limestone. 
4.5 The Effect of Shale Colour 
Figures 4.12 and 4.13 show that within the shale sample lithology category there is a 
wide distribution of AOM percentages and variable kerogen fluorescence levels; this 
suggests that redox conditions were not the same in all of the shales and this variability 
should at least partly be reflected in shale colour. The absence of high %AOM values 
suggests phytoclast and palynomorph dilution; to get very high %AOM values (e. g. the 
>_ 70% values seen in many true distal black shales) requires not only good 
preservation, but also negligible dilution. This does not appear to be the case in this 
study where there is a sharp decline in the number of cases above the 60% AOM level. 
Figures 4.14 and 4.15 show how the mean percentage AOM and fluorescence values 
vary in the different shale colour categories. There is a 41% relative decrease in the 
mean %AOM between the black and medium dark grey colour categories, and a 
similar 56% relative decrease in levels from brownish black to brownish grey; only the 
latter decrease is significantly expressed in the mean fluorescence levels. There is a 
marked peak in mean AOM in the medium grey category (only 18% relatively lower 











Shale/shale Shale/silty shale Shale/Arg. Sst Shale/clean Sst Shale/Lst Shale/shaIsy Let 
Uthology/dominant lithology combination 
Fig. 4.11. Mean percentages ofA OM, phytoclasts, and palynomorphs in the shale 







Fig. 4.12. Frequency histogram for AOMpercentage values in shale sample lithology 








Fig. 4.13. Frequency histogram for kerogen fluorescence levels in shale sample 
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Black Grey Dark Medium Medium Light Olive Brownish Brownish 
black grey dark grey grey grey black grey 
grey 
COLOUR 
Fig. 4.15. Mean fluorescence level in each shale colour category, all data (n = 
number of samples). 
r 
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value. The lowest mean %AOM is found in the light grey colour category (69% 
relative decrease from the black shales) but the relative decrease in mean fluorescence 
level is only slight (6%). Figures 4.16 and 4.17 show that in the three major shale- 
sample-rich formations there are similar decreases in AOM percentages from the 
darkest to the lighter coloured shales, e. g. a 56%-67% relative decrease from greyish 
black to medium dark grey or dark grey in the Lealt Shales and Staffin Bay formations 
respectively. The mean fluoresence values show no corresponding decrease, but reveal 
a better correlation with low mean AOM percentages. In the Duntulm Formation the 
maximum mean %AOM occurs in the medium grey category; the reason for this 
anomalous pattern is unclear, but the extensive occurrence of carbonates in this 
formation may be responsible for lightening of the sediment colour (cf section 6.2.1). 
In part the reason for the partial mismatch of %AOM and fluorescence patterns is 
because %AOM is controlled by dilution as well as preservation, while fluorescence 
and shale colour only directly or indirectly record preservation (cf section 6.3.5). The 
fluorescence scale is also relative and non-linear. 
4.6 Mean Parameter Values 
The mean kerogen and palynomorph parameter values in each lithology category have 
been assessed using their relative percentage difference to the mean values determined 
for shales in the case of gross lithology (glith), and shale in the case of sample lithology 
(lith); where this is not the case, the basis for comparison is specified. 
It should be noted that some of the parameters can show potentially large relative 
variations in terms of their reproducibility; this is particularly the case when the mean 
shale values are less than 5%, where relatively high standard deviations (up to :E 95%) 
can be expected (section 2.5). The parameters calculated out of the biostructured 
brown wood fraction are also likely to show relatively high variation as the total 
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COLOUR grey 
Fig. 4.16. Mean A OMpercentage in each shale colour category of the Lealt, 










Q Leak Shales 
Fm. 
Q Duntulm Fm. 
Staifin Bay 
Fm. 
Fig. 4.17. Mean fluorescence level in each shale colour category of the Lealt, 
Duntulm, and Staffin Bay formations. 
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Black Grey Dark Medium Medium Light Olive Brownish Brownish 
black grey dark grey grey grey black grey 
grey 
4.6.1 Gross Lithology 
Table 4.7 shows the relative changes in selected parameters for the gross lithology 
categories (parameters selected so as to provide examples from each particle group of 
the kerogen and palynomorph assemblage). The highest average changes occur in 
those parameters likely to show a high relative variation due to the counting technique 
(section 2.5); these changes often represent only minor absolute differences (e. g. < 5% 
in the case of membranes/phytoclasts). In terms of the more reliable parameters, the 
greatest average changes are seen in the %palynomorphs of kerogen, and the %marine 
plankton and %Botryococcus (both of palynomorphs). Comparison of the trends 
shown from shales to silts and silts to sands shows that 10/17 parameters show the 
same trend (i. e. increase or decrease), while 7/17 show an opposite relationship. Those 
parameters showing the same trend seem mostly to relate to the increased proximality 
of the sands (on average), whilst those showing the opposite trend relate more to 
selective preservation within, or hydrodynamic equivalence with the sands (e. g. 
banded/biostructured brown wood, equant/black wood). Where silt and sand show the 
same trend, limestones show the opposite trend in 6/10 parameters and these 
parameters are indicative of a more distal environment of deposition for limestones (on 
average). 
4.6.2 Sample Lithology 
4.6.2 (a) Whole Dataset 
The percentage variation of selected parameters relative to the shale 'norm' are shown 
for the whole dataset in Tables 4.8 and 4.9. The lithological categories excluded are 
those containing less than 5 samples, or those where the lithologies are too formation 
specific. 
The greatest average change seen in 'reliable parameters' occurs in the 
%phytoclasts/kerogen, %undegraded/non-biostructured brown wood, %marine 
plankton/playnomorphs, and %Botryococcus/palynomorphs. Comparison of the sand- 
dominated categories shows that they all behave reasonably similarly (at least in terms 
of either increase or decrease relative to shale); any anomalies generally occur in the 
clean sands category (which has the lowest number of samples, n= 8), and often 
involve the less reliable parameters (i. e. within the biostructured wood fraction). 
Within the palynomorph fraction (Table 4.9) there are no anomalous parameters, but 
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Parameter Shales Average change Silts Sands Limestones 
(n = 262) (+ or -) (n = 68) (n = 70) (n = 22) 
AOM/ 33% 37%-- moderate -42% -58% -12% 
kerogen 
Phytoclasts/ 46% 44% - moderate +56% +65% -11% 
kerogen 
Palynomorphs/ 18% 54% - strong -50% -44% +67% 
kerogen 
Black wood/ 17% 39% - moderate -41% +53% +23% 
h oclasts 
Cuticle/ 3% 61%-- strong -85% -85% -14% 
phytoclasts 
Membrane/ 5% 97% - v. strong -60% -72% +160% 
h oclasts 
Equant/. 66% 14% - weak +6% +23% +12% 
black wood 
Striate/ 20% 90% -- v. strong +190% -30% -50% 
biostructured brown 
Banded/ 26% 50% - moderate -69% +38% +42% 
biostructured brown 
Undegraded/ 19% 40% - moderate +42% -63% +16% 
non-biostructured 
brown 
Corroded/ 77% 10%-weak -13% +12% -4% 
non-biostructured 
brown 
Sporomorphs/ 72% 19% - weak +24% +11% -22% 
palynomorphs 
Marine plankton/ 17% 53% - strong -71% -24% +65% 
palynomorphs 
Botryococcusl 9% 55%- strong -84% -71% +11% 
palynomorphs 
Spores/ 10% 30% - moderate -40% +50% 
0% 
s romo hs 
Thick-walled/ 14% 26% - moderate -64% -7% -7% 
spores 
Cerebropollenitesl 3% 50% - moderate -33% +50% -67% 
pollen 
Table 4.7. Changes in selected parameters for the gross lithology categories relative, 
to the shales mean value. The average changes have been classified as follows: > 
75% = very strong, 51-75% = strong, 25-50% = moderate, < 25916 = weak 
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Parameter Shale Average Silty Shaley Arg. Silty Clean 
(n=, - change shale silt sand " -- sand sand 144) (+ or-) (n=118) n=62) n=31 n=31 n=8 
AOMJ 35% 50%- -11% -48% -63% -57% -71% 
kerogen strong 
Phytoclasts/ 40% 78%-- +32% +82% +87% +87% +100% 
kerogen v. strong 
Palynomorphs/ 22% 51%-- -36% -59% -50% -54% -54% 
keno en strong 
Brown wood/ 74% 6% - +3% +19% -7% 0% 0% 
phytoclasts weak 
Black wood/ 18% 33%- -11% -39% +50% +28% +39% 
h oclasts moderate 
Lath/ 33% 26%- +6% -12% -51% -39% -21% 
black wood moderate 
Undegraded/ 12% 53%-- -42% -75% -58% -17% +75% 
biostructured brown strong 
Striate/ 17% . 80%- +41% +253% -c5% +18% +23% 
biostructured brown v. strong 
Banded/ 27% 27%- 0% -67% +15% +55% 0% 
biostructured brown moderate 
Undegraded/non- 29% 66%-- -21% -76% -10% -59% +162% 
biostructured brown strong 
Corroded/ non- 64% 24%-- +12% +36% +9% +31% -31% 
biostructured brown weak 
Table 4.8. Changes in means of selected kerogen parameters relative to shale values 
for siliciclastic sample lithologies, all data. Classification of average changes as in 
Table 4.7. 
Parameter Shale Average Silty Shaley Arg. Silty Clean 
(n = change shale silt sand sand sand 
144) +or -) (n= 118) (n=62 n=31 n=31 (n =8 
Sporomorphs/ 65% 26% -- +25% +37% +21% +23% +25% 
al omo hs moderate 
Marine plankton/ 23% 55% -- -65% -78% -43% -48% -39% 
al omo hs strong 
Bot yococcusi 9% 66%-- -11% -89% -56% -78% -95% 
al nomo hs strong 
Spores/ 10% 42%- 0% -40% +40% +30% +100% 
s romo hs moderate 
Thick-walled/ 17% 45% -- -47% -76% -6% -23% -71% 
spores moderate 
_ Bisaccates/ 32% 36% -- -19% -62% -19% -50% -28% 
Ilen moderate 
Unidentified/ 62% 19% - +11% +37% +13% +26% +6% 
pollen weak 
Dinocysts/ 79% 13% -- -20% +6% +10% +5% +23% 
marine lankton weak 
Table 4.9. Changes in means of selected palynomorph parameters relative to shale 
values for siliciclastic sample lithologies, all data. Classification of average changes 
as in Table 4.7. 
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the %spores/sporomorphs shows a far larger increase in the clean sands as opposed to - 
the other sand-dominated categories. 
The silty lithologies also behave similarly, with the differences always being greater in 
the shaley silts than in the silty shales; in terms of the reliable parameters they are most 
different in their relative phytoclast, spore, Botryococcus, and bisaccate pollen content. 
There are also large changes within the less reliable biostructured brown wood 
fraction. 
The parameters which highlight the differences between the silt- and sand-dominated 
sediments are the %black wood/phytoclasts and %spores/sporomorphs; 
_these 
show 
opposite trends and reflect selective preservation within, and hydrodynamic 
equivalence with, the sand fraction. 
4.6.2 (b) Comparison with Patterns in Individual Formations 
Comparison of the parameter trends shown in each formation shows that the trends are 
most similar in the finer grained lithological categories (Tables 4.10 & 4.11), and that 
the differences between the formations are most apparent in the coarser lithologies, 
particularly the silty and clean sands. The Duntulm Formation lithologies show the 
most constant trends in the majority of the parameters examined. The Duntulm and 
Bearreraig Sandstone formations generally show the greatest average differences in- 
parameter values, but the largest magnitude differences (>80%) between individual 
lithology categories are most common in the Bearreraig and Staffin Bay formations. 
However, the absolute percentage values are often low in the former, and, -the 
parameters showing the high magnitude variations are potentially unreliable. The most 
variable parameter in terms of the trends shown is the %palynomorphs of kerogen, 
which may reflect the fact that this parameter is strongly affected by dilution from both 
AOM and phytoclasts. The %thick-walled/spores also shows variable trends, but. this is 
likely to be partly due to the high relative variability expected in this 'unreliable' 
category. 
Although the magnitude of the changes often shows a large range of variability within 
the individual lithology categories, probably due partly to local'facies' differences and 
partly to variation in the magnitude of the shale mean, the trends seen in each of the 
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4.6.3 Parameter Dependency on Lithology 
The changes shown by the parameters in the previous sections have been used to rank 
selected particle types in relation to their dependency on lithology; the rankings were 
compiled by creating an overall average value (Table 4.12) by combining the average 
differences for each parameter shown in Tables 4.7 to 4.11. These were then assigned 
ranks as in Table 4.7. 
4.7 Discriminant Function Analysis (DFA) 
4.7.1 Introduction 
The objective of using DFA in this case was to use the palynofacies data to 
discriminate between lithologies (lith and dlith). Simultaneous DFA was carried out 
using just the variables derived from the kerogen counts (kerogen group variables), 
just the variables derived from the palynomorph counts (palynomorph group variables), 
and both variable groups combined (combined). Stepwise DFA was carried out using 
only the combined variables group. An introduction to DFA is provided in section 3.3; 
further DFA analyses are presented in Chapter 8.0. 
As some of the lithologic groups have only small numbers of samples or come from 
restricted stratigraphic ranges and facies, they may show strong evidence of other 
(non-lithological) controls on assemblages. These small groups may disrupt the 
classification, so DFA was carried out on both a full sample set and a reduced sample 
set with the samples from these small groups excluded. The following categories were 
left in the reduced analyses: shales, silty shales, shaley silts, silty sands, argillaceous 
sands, and limestones. 
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Parameter Dependency on 
lithology 
Range 
AOM/kero en Moderate Weak -- V. stron 
Ph oclasts/kero en Strong Weak -- V. strong 
Pal omo hs/kero en Strong Moderate -- V. strong 
Black wood/ h oclasts Moderate Weak -- Moderate 
Lath/black wood* Moderate Weak -- Moderate 
Undegraded/biostructured brown 
wood* 
Moderate Weak -- Strong 
Striate/biostructured brown wood+ Strong na 
Banded/biostructured brown wood+ Moderate na 
Undegraded/non-biostructured brown 
wood 
Moderate Weak -- Strong 
Corroded/pon-biostructured brown 
wood 
Weak Weak -- Moderate 
S oromo hs/ al omo hs Weak Weak -- Moderate 
Marine lankton/ al omo hs Moderate Weak -- Strong 
Botryococcuslpalynomorphs+ Strong na 
Sores/ oromo hs+ Moderate na 
Thick-walled/ ores Moderate Weak -- V. stron 
Bisaccates/ ollen+ Weak na 
+= average calculated out of 2 figures only, average calculated out of 4 figures only, na = when 
only 2 figures available no range has been given. 
Table 4.12. Dependency of selected parameters on lithology. Classifrcation as in 
Table 4.7. 
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4.7.2 Overall Classification Accuracies 
The overall accuracies are shown in Tables 4.13 to 4.15. The 'accuracies have been 
examined by calculating a percentage better than proportional chance parameter. This 
allows the comparison of DFA runs where the proportional chance criterion is 
different. All the analyses in the whole dataset (Table 4.13) show that the combined 
variables provides the best overall classification accuracy, followed by the kerogen and 
then the palynomorph runs. In two cases the stepwise accuracies exceed those derived 
from the palynomorph run. The dominant lithology accuracies are greater than those 
derived from the sample lithology runs and comparison of the reduced category 
analyses with those carried out on a full set of lithological categories shows that the 
combined variables run accuracies are very similar. The greatest difference in accuracy 
between the kerogen and palynomorph runs occurs in the dominant lithology analyses 
(74%); the greatest increase in accuracy on combining the variable groups occurs in 
the lithology analyses, and the least increase in the reduced lithology analyses. 
When overall classification accuracies of the four major formations are examined 
(Tables 4.14 & 4.15) the combined > kerogen > palynomorph ranking of accuracies 
seen the whole dataset is less consistent. The combined variables group generally gives 
the best discrimination of lithology, but the kerogen variables give slightly better 
results in the Duntulm and Staffin Bay formations. Comparison of the maximum 
accuracies present in each formation shows that dominant lithology is discriminated 
better than sample lithology in all the formations, and that when ranked according to 
these maximum accuracies the Lealt Shales and Duntulm formations have the lowest 
accuracies in both the lithology and dominant lithology analyses (c£ Table 4.10). Apart 
from the Bearreraig Sandstone Formation, the lithology accuracies derived from the 
kerogen runs are about twice those derived from the palynomorphs parameters. The 
Bearreraig Sandstone provides the greatest increase in classification accuracy when the 
variable groups are combined, partly suggesting that they integrate well in this case, 
but the increase may also be due to the fact that as the accuracy is low it does not take 
much change to increase by a higher relative percent (i. e. an arithmetic artefact). 
However, in the discrimination of dominant lithology the difference in accuracy 
between the variable groups in the Bearreraig Sandstone Formation is 76%, and the 
combination of the variable groups results in a reduction in classification accuracy; the 
accuracies derived from the two variable groups in the other formations are much 
closer (particularly in the Lealt Shales and Stain Bay formations). This suggests that 
the palynomorph variables group is less distinct (relative to the kerogen group) in the 
dominant lithology classification of the Bearreraig Sandstone. 
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Whole dataset Overall classification 
accuracy (OCA) 
Proportional 
chance C ro 
Relative %e 
OCA > Cprop 
Lithology value rank value ., rank 
kero en 38 2 21 81 2 
al omo h 36 3 23 57 3 
combined 56 1 23 144 1 
stepwise 33 4 23 44 4 
Lithology reduced* 
kerogen 60 3 26 131 2 
al omo h 54 4 29 86 4, 
combined 71 1 29 145 1 
stepwise 61 2 29 110 3 
Dominant lithology 
kernen 52 3 20 160 2 
palynomorph 39 4 21 86 4 
combined 64 1 21 205 1 
stepwise 54 2 21 157 3 
Dominant lithology 
reduced* 
combined 70 1 23 204 1' 
stepwise 57 2 23 148 2 
* reduced refers to analyses carried out using a reduced number of categories, all those containing 
fewer than 5 samples were removed. 
Table 4.13. Comparison of percentage classification accuracies based on the whole 
dataset analyses. 
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Formation Overall classification 
accuracy (OCA) 
Proportional 





value rank value rank 
Kero en 69 2 29 138 2 
Pal omo h 62 3 27 130 3 
Combined 82 1 27 204 1 
Stepwise 47 4 27 74 4 
Lealt Shales 
Kerogen 77 2 38 103 2 
Pal omo h 54 4 37 46 4 
Combined 86 1 37 132 1 
Stepwise 57 3 37 54 3 
Duntulm 
Kerogen 62 2 28 121 1 
Pal omo h 52 4 32 63 4 
Combined 68 1 32 113 2 
Ste wise 61 3 32 91 3 
Staffin Bay - 
Kerogen 87 1 26 235 1 
Pal omo hs 57 3 26 119 3 
Combined 82 2 26 215 2 
Ste wise 44 4 2 69 4 
Table 4.14. Overall % classification accuracies for the four formations using 
lithology as the dependent variable. 
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Formation Overall classification 
accuracy (OCA) 
Proportional 
chance C ro 
Relative % 
OCA > Cp rop 
Bearreraig 
Sandstone 
value rank value rank 
Kerogen 82 3 26 215 1 
Pal omo h 74 4 31 139 4 
Combined 95 1 31 207 2 
Stepwise 90 2 31 190 3 
Lealt Shales 
Kerogen 76 2 35 117 2 
Pal omo h 65 3 35 86 3 
Combined 91 1 35 160 1 
Stepwise 54 4 35 54 4 
Duntulm 
Kerogen 65 2 26 150 2 
Pal omo h 56 3 30 87 3 
Combined 76 1 30 153 1 
Stepwise 38 4 30 27 4 
Staffin Bay 
Kerogen 76 2 26 192 2 
Pal omo h 67 3 26 158 3 
Combined 88 1 26 239 1 
Stepwise 67 3 26 158 3 
1. 
Table 4.15. Overall percentage classification accuracies for the four formations using 
dominant lithology as the dependent variable. 
175 
4.7.3 Category (lith and dlith types) Classification Accuracies 
In the majority of categories (lith and dlith types) the patterns shown -in the 
classification accuracies are: combined > kerogen > palynomorphs, or kerogen > 
combined > palynomorphs (Table 4.16); in the latter cases it appears that the relatively 
low classification accuracies found in the palynomorph run are reducing the accuracy 
of the kerogen run when the variable groups are combined. This suggests that the 
variable groups do not integrate well. The only category where the above patterns are 
not found is the argillaceous sands; in both the lithology and dominant lithology 
analyses the palynomorph run accuracy exceeds that of the kerogen, suggesting that 
the palynomorph variables group is more distinct in this lithology (lith and dlith). The 
greatest increase in accuracy when the two variable groups are combined occurs in the 
silty shale and clean sandstone categories in both the lithology and dominant lithology 
analyses; this suggests that it is in these lithologies (lith and dlith) that the variables 
integrate best. 
Ranking of the average increases of the accuracies of each category over the 
proportional chance parameter shows that the most distinct lithologies are shaley silt, 
shaley limestone, clay-mudstone, clean sand, and limestone; the least distinct 
lithologies appear to be silty shale and silty sand. The distinct lithologies are often quite 
formation specific; the shaley silts category contains a high number of samples from 
the Udaim Shales Member of the Bearreraig Sandstone Formation (46%), and these 
are more closely related than the samples in the other lithological categories. Similarly, 
the majority of the clay-mudstone and shaley limestone samples come from the 
Duntulm Formation. The limestone and clean sands samples come from a wider range 
of formations. Examination of the relatively high accuracies in each run, taken together 
with the rankings derived from the averages, suggests that the most distinct lithologies 
(lith and dlith) tend to be the coarser and more calcareous ones; this correlates with the 
patterns described in section 4.6. 
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4.7.4 Profiling of Mis-Classified Samples 
Lists of the characteristics of the mis-classified samples from the simultaneous 
discrimination of lithology by the combined variables were generated via the SPSS PC 
package. The mis-classified samples are generally of two types: those which come 
from sections where there is a strong dominant lithologic control, or those from 
sections where there is a strong facies control. Examples of the first type (Table 4.17) 
can be seen in the mis-classified shale samples from the Kildonnan Member (KE40-44), 
and the Valtos Formation (VS3 & 4), where the dominant lithology is sandstone. 
Probably the best examples of the second type are the samples from the 'freshwater 
intercalation' of the Duntulm Formation (LOD & LOK), which nearly all classify 
incorrectly regardless of their lithology. Samples can also classify incorrectly if there is 
another category present to which they-are more strongly related due to stratigraphic 
position. This is often seen when a lithological category exists which contains the 
majority of samples from a particular section; other samples from this section that 
belong to other categories classify into the category that contains the samples from 
above and below their stratigraphic position rather than into their pre-assigned 
category. For example, Table 4.17 shows Cullaidh Shale Formation samples (RCS1-3) 
mis-classifying into lithology category 13 (sandy shale) which includes the samples 
from directly above them. They are more strongly related to these samples than they 
are to other shales. 
The profiling of mis-classified samples from the simultaneous discrimination of 
dominant lithology by the combined variables reveals a similar pattern to that from the 
sample lithology, with many of the mis-classified samples coming from sections with a 
strong facies control, or having a very different sample lithology to the dominant 
lithology. For example, the mis-classified shale samples from the Kildonnan Member 
(KE41-44), which have a sandstone dominant lithology, classify as silty shales not 
sandstone; it appears that the effect of the dominant sandstone lithology is not enough 
to have them classify as sandstone, but has enough effect to prevent them from being 
classified as shales (Table 4.18). 
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FORMATION MEMBER ENVIR LITHOFAC SAMNO DIS_1 
2.00 3.00 RCS1 13.00 
2.00 3.00 RCS2 13.00 
2.00 3.00 RCS3 13.00 
4.00 9.00 7.00 KE35 2.00 
4.00 9.00 9.00 KE40 2.00 
4.00 9.00 7.00 KE41 2.00 
4.00 9.00 7.00 KE42 2.00 
4.00 9.00 7.00 KE43 2.00 
4.00 9.00 7.00 KE44 2.00 
5.00 7.00 VS3 15.00 
5.00 7.00 VS4 15.00 
6.00 6.00 1.00 LOD8 10.00 
6.00 5.00 1.00 LOD9 10.00 
6.00 5.00 1.00 LOD11 10.00 
6.00 5.00 1.00 LOK11 10.00 
6.00 8.00 5.00 LOK38 2.00 
6.00 8.00 5.00 LOK39 2.00 
Table 4.17. Examples of the characteristics of mis-classified samples from the shale 
category (1), all data sample lithology analysis. Dis-1 refers to the group into which 
the sample has classified Key to other characteristics in Tables 2.23 to 2.27 
FORMATIO MEMBER ENVIRONM LITHOFAC SAMNO LITH DIS_2 
1.00 1.00 1.00 BBE47 1.00 3.00, '' 
4.00 9.00 7.00 KE41 1.00 2.00- 
4.00 9.00 7.00 KE42 1.00 2.00' 
4.00 9.00 7.00 KE44 1.00 2.00, 
1.00 5.00 1.00 BBR2 6.00 3.00ýý=` 
1.00 5.00 1.00 BBR5 6.00 
00 6 
3.00 
00 12 1.00 5.00 1.00 BBR11 . . 9.00 12.00 2.00 4.00 BS10 8.00 6.00 
9.00 12.00 2.00 4.00 BS11 8.00 6.00 
9.00 12.00 2.00 4.00 BS13 8.00 6.00 
Table 4.18. Mis-classified samples from the Clean Sands (8) dominant lithology ' 
category. Dis-2 refers to the group into which the sample has been classified by the 
DFA. Key to other characteristics in Tables 2.23 to 2.27. 
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4.8 Variables Selected by Stepwise DFA (SDFA) 
These variables are those which together best discriminate between the lithological (lith 
and dlith) categories; the Wilks' lambda values provide a measure of the contribution of 
each variable chosen to the discriminating process. 
4.8.1 Whole Dataset 
The variables chosen by the SDFA are shown in Table 4.19. Overall, the variables that 
best distinguish between lithologies and dominant lithologies are quite similar; most of 
them are kerogen variables, with around 1/3 palynomorph variables. This is reflected in 
Table 4.20 which shows that in he case of sample lithology the total of the Wilks' 
lambda values for the kerogen group variables is 2.5 times greater than that for the 
palynomorph group variables. In the case of dominant lithology the contribution of the 
kerogen group variables is just over twice that derived from the palynomorph variables 
selected. This suggests that the palynomorph variables group may be most influenced 
by dominant lithology (see also Table 4.16). The kerogen variables used tend to 
include information about each major subdivision of the phytoclast assemblage (e. g. 
type of biostructured wood, degradation states, phytoclast types), whilst the 
palynomorph variables contain information - on 
the sporomorph and plankton 
assemblages. The most obvious difference between the sample lithology and dominant 
lithology variables is that the %phytoclasts of kerogen (which best distinguishes 
between lithologies) is the fourth variable chosen in the dominant lithology SDFA. 
Conversely, the best variable for dominant lithology (percentage total sporomorphs) is 
the fourth variable chosen in the lithology analysis. Throughout all the analyses the 
%striate of biostructured brown wood provides the second most significant parameter; 
this shows that although this is a minor component, it does contain important 
information This justifies the detailed sudivision of the phytoclasts that has been 
employed in this study, which is more comprehensive than in most palynofacies 
studies. The Wilke lambda values that are associated with the selected variables show 
a similar pattern in both analyses. 
In the reduced sample lithology and dominant lithology analyses the variables chosen 
are very similar to those from the whole dataset (Table 4.21), but an extra three 
variables are used in differentiating between the reduced lithology groups. Again the 
Wilks' lambda values show a similar pattern, but the palynomorph group variables 
contribute only about 50% less than the kerogen group variables in the reduced sample 
lithology analysis (Table 4.22). 
180 




Phytoclasts/ 1 0.62 Sporomorph/ 1 0.61 
kerogen al omo hs 
Striate/ 2 0.44 Striate/ 2 0.47 
biostructured brown biostructured brown 
Undifferentiated/ 3 0.36 Pseudoamorphous/ 3 -'0.38 
palynomorphs non-biostructured 
brown 
Banded/ 4 0.31 Phytodasts/ 4 0.31 
biostructured brown ker en 
Sporomorph/ 5 0.26 Membranes/ 5 0.27 
palynomorphs h oclast 
Corroded/ 6 0.22 Acntarchs/ 6 0.23 
non-biostructured marine plankton 
brown 
Classification 33% Total 2.21 Black wood/ 7 0.20 
accuracy h oclasts 
Palynomorphs/ 8 0.18 
kerogen 
Biostrudured/ 9 -0.15 
brown wood 
Undifferentiated/ 10 0.13 
al omo hs 
Stripe/ 11 0.12 
biostructured brown 
Classification 54% Total 3.05- 
accuracy 
Table 4.19. Variables selected for for stepwise discrimination of lithology and 
dominant lithology, whole dataset. 
Dependant Variable Kerogen Pal nomo h 
Lithology 1.59 0.62 
Dominant lithology 2.08 0.98 
Table 4.20. Total Wilks' lambda values for each variable group (from Table 4.19). 
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Variable Wiiks' Variable Wilks' 
lambda lambda 
Lithology Phytoclasts/ 1 0.65 Dominant Sporomorph/ 1 0.62 
(reduced) kerogen lithology palynomorphs 
(reduced) 
Striate/ 2 0.48 Striate/biostructured 2 0.49 
biostructured brown 
brown 
Undifferentiated/ 3 0.40 Pseudoamorphous/ 3 0.41 
palynomorphs non-biostructured 
brown 
Sporomorphs/ 4 0.36 Phytoclasts/ 4 0.35 
palynomorphs kerogen 
Banded/ 5 0.31 Membranes/ 5 0.31 
biostructured phytoclasts 
brown 
Membranes/ 6 0.29 Undifferentiated/ 6 0.27 
phytoclasts palynomorphs 
Acritarchs/ 7 0.27 Acritarchs/ 7 0.24 
marine plankton marine plankton 
Black wood/ 8 0.25 Black wood/ 8 0.22 
phytoclasts phytoclasts 
Palynomorphs/ 9 0.23 Degraded/ 9 0.20 
kerogen biostructured brown 
Classification 61% Total 3.24 Stripe/biostructured 10 0.18 
accurac brown 
Ca//ialasporitesl 11 0.17 
pollen 
Classification 57% Total 3.45 
accuracy 
Table 4.21. Variables used for stepwise discrimination of reduced lithology and 
dominant lithology, whole dataset analysis 
De endant Variable Kerogen Pal nomor h 
Litholo reduced 2.21 1.03 
Dominant lithology reduced 2.15 1.30 
Table 4.22. Total Wilks' lambda values for each variable group (from Table 4.21). 
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4.8.2 The Formations 
4.8.2 (a) Lithology 
The number of variables chosen in each case is similar (Table 4.23), apart from in the 
Staffin Bay Formation where only two variables are used. In two of the formations the 
variable that provides the most discrimination is from the palynomorph group; in the 
other two formations a kerogen group variable is used. In the Bearreraig Sandstone 
and Duntulm Formations the variables chosen come in equal numbers from the two 
groups; in the Lealt Shales Formation 2/5 are from the palynomorph group, but in the 
Stain Bay Formation only kerogen group variables are chosen. This is reflected in 
Tab:: 4.24 which shows that the discriminating power of the equation comes mostly- 
(or totally) from the kerogen group variables in the Bearreraig Sandstone and Staffin 
Bay Formations, but in the Lealt Shales Formation the palynomorph variables group 
provides twice the discriminating power of the kerogen group. In the Duntulm 
Formation the discriminating power is distributed quite evenly between the, two 
groups. This suggests that in the coarser grained units, the kerogen character, is more 
distinct than the palynomorphs. In finer sediments the importance of the palynomorphs 
increases. 
4.8.2 (b)Dominant Lithology 
The number of variables chosen in the stepwise discrimination of dominant lithology 
(Table 4.25) is similar, apart from in the Bearreraig Sandstone Formation where twelve 
variables are chosen. In three out of the four formations the best variable is the same 
as 
in the stepwise discrimination of lithology, but additional variables are also used. In all 
but the Duntulm Formation the majority of the variables selected by DFA come from 
the kerogen group; this is reflected in Table 4.26 which shows that in the Bearreraig 
and Stain Bay Formations the kerogen group variables are the major source of the 
discriminating power of the equation. In the Lealt Shales Formation there is an 
increased contribution from the palynomorph group, but the kerogen variables still 
provide the most discriminating power. The Duntulm Formation shows a more equal. 
contribution from the two groups, with the palynomorph variables slightly 
predominant. Compared with the values obtained from the lithology analyses the 
dominant lithology values show a similar pattern, apart from in the Lealt Shales 






- v1 - M - N to r+ . . -. oo N t0+1 
- 
y Ö Ö Ö Ö Ö "-i 'ýv Ö .. 
Ö O, 





























O . fl 






y C ý N 
1 2 u ei 
.., O 






h N Oý 
Ö Ö Ö Ö Ö y Ö Ö Ö Ö Ö Ö 
. -ý N M d "r N M ýt 'n ýO p 
H 
w 1 11 
.1 
\ y ; O \y 












II > ä oý äc Ü Ü . c 
*i 4n Z p 





















Lithology Kerogen Pal omo h 
Bearrerai Sst. Fm. 0.23 0.05 
Lealt Shales Fm. 0.47 0.81 
Duntulm Fm. 0.86 0.82 
Staffin Bay Fm. 0.46 0 
Table 4.24. Total Wilks' lambda values for the two variable groups used in stepwise, _ ., 
discrimination of lithologyfor the four formations (from Table 4.23). 
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Dominant lithology Kerogen Pal omor h 
Bearrerai Sst. Fm 0.42 0.06 
Lealt Shales Fm. 0.89 0.70 
Duntulm Fm 0.01 0.01 
Staffin Bay Fm 0.66 0 
Table 4.26. Total Wilks' lambda values for the two variable groups used in stepwise 
discrimination of dominant lithology for the four formations (from Table 4.25). 
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4.9 Summary 
The relative variation of the selected parameters in the gross and sample lithology 
categories shows how different the assemblages in these categories can be relative to 
the 'palynological norm' of shale. Table 4.13 shows the parameters that can be 
expected to vary the most due to lithologic bias: these are the %phytoclasts and 
palynomorphs of kerogen; other parameters show less lithological control, and some 
(such as the marine plankton subset categories) show variation that is largely 
independent of lithology. 
The effect of dominant lithology on sample lithology assemblages has been shown to 
be particularly important when sand-dominated lithologies are involved; these give rise 
to lowered AOM and increased phytoclast mean percentages in shales, and change the 
distribution frequencies of these variables. 
The DFA overall classification accuracies attest to the strong lithologic and dominant 
lithologic controls on assemblages; the accuracies are higher in the analyses by 
dominant lithology suggesting a potentially stronger control from this parameter. The 
individual lithology (lith and dlith) category accuracies suggest varying levels of 
control, and these lithological categories often show different levels of control in the 
kerogen and palynomorph runs, suggesting that certain lithologies are better defined by 
either kerogen or palynomorph variables. There are also cases where the combination 
of the two groups does not lead to an increase in classification accuracy; this suggests 
that in these cases the data contained in the groups does not integrate well, reflecting a 
lack of correlation between total kerogen and palynomorph derived parameters. 
The profiles of the mis-classified samples show that these are often affected by strong 
dominant lithology or facies controls. The mis-classified samples from the Lealt Shales 
Formation show that the dominant lithology effect on sample lithology can be quite 
subtle, causing shale samples from a sandstone-dominated unit to classify into the silty 
shale category. 
The variables selected by the stepwise analyses are those which together best 
discriminate between the lithologic and dominant lithologic categories. It is interesting 
to note that the first variable chosen in the stepwise discrimination of lithology is the 
percentage phytoclasts of kerogen, which was rated as having a strong dependence on 
lithology in section 4.6.3. Many other of the variables rated as being reasonably 
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strongly affected by lithology in the same section also appear in the whole dataset and 
formation stepwise analyses. 
Further comparison of the DFA results will be possible when other dependant variables 
have been used (see Chapter 8.0). 
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CHAPTER 5.0 
PALYNOFACIES DATA SUMMARY 
5.0 PALYNOFACIES DATA SUMMARY 
The mean values of the kerogen and palynomorph parameters for the whole dataset 
and specific subsets are presented in the form of a series of ternary diagrams where the 
sum of the three components plotted has been normalised to 100% (cf. Tyson, 1993, 
1995). Five diagrams are used to summarise different aspects of the kerogen data: 
the three major kerogen groups (AOM, phytoclasts, palynomorphs) 
the overall nature of the phytoclast population (cuticle+membranes, brown wood, 
black wood) 
the nature of the woody phytoclasts (biostructured and non-biostructured brown 
wood, black wood) 
the natur: - of the biostructured brown wood (striate, striped, banded+pitted) 
the nature of the non-biostructured brown wood (undegraded, corroded, 
pseudoamorphous) 
Another four diagrams are used to summarise the palynomorph assemblage: 
the major palynomorph groups (sporomorphs, marine plankton, undifferentiated) 
the nature of the sporomorph population (spores, unidentified pollen, bisaccates) 
the potential salinity indicators (Botryococcus, acritarchs, dinocysts+prasinophytes) 
the nature of the marine organic-walled microplankton assemblage (acritarchs, 
dinocysts, prasinophytes) 
Following the convention of Tyson (1993,1995), all the diagrams are oriented such 
that the most proximal/terrestrial indicator occurs at the apex, and the parameter in the 
left lower comer is the one which of the three parameters shows the greatest positive 
association with distal or reducing environments. 
This allows a general overview of the nature of the data, i. e. its variability and the 
presence of major trends. 
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5.1 Sample Distribution 
rF 
The total dataset used in the computation of the mean values and other statistical 
procedures is based on data from 440 samples. Separate palynomorph counts were 
only done on 356 samples; it is this figure which determines the number of samples 
used in the 'combined variables' Discriminant Function and Factor analyses (Chapters 
8.0 & 9.0). The distribution of the samples in each subset of the whole dataset and 
each of the four major formations is shown in Tables 5.1 to 5.5. Some of the, 
environment categories in the whole dataset correspond to stratigraphic units: open 
marine = Bearreraig Sandstone Formation, bar = Belemnite Sands Member (Stalin 
Bay Formation), anoxic basin = Cullaidh Shale Formation, and mudflat-alluvial = 
Skudiburgh Formation. 
5.2 Mean Values 
5.2 1 Whole Dataset 
The overall kerogen assemblage is dominated by the phytoclast group; palynomorphs 
make up less than 20% (Fig. 5.1). The dominant phytoclast component is brown 
wood; subdivision of this component shows that it consists mostly of corroded non- 
biostruchued material The biostructured brown wood fraction is dominated by 
striped, banded and pitted material (ie. striate component is :5 30%). 
Sporomorphs are the dominant component of the palynomorph fraction, with marine 
plankton making up less than 20% of the mean assemblage. The only difference 
between the palynomorph parameters derived from the kerogen counts and those 
derived from the separate palynomorph counts is in the level of undifferentiated 
palynomorphs, which is 225% higher in relative terms in the kerogen count parameters 
(Fig. 5.2). From the composition of the palynomorph assemblage it is likely that the 
majority of the undifferentiated palynomorphs are sporomorphs; these were not , 
recognised during the kerogen counts due possibly to AOM masking, or due to the 
lack of time available for the detailed kind of examination that was possible during the 
palynomorph counts. The sporomorph assemblage is dominated by pollen, mostly 
unidentified in form, with bisaccates making up less than 30% of the mean assemblage. 
Dinocysts dominate the marine plankton assemblage, and prasinophytes are virtually 
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Formation %kerogen °/aal omo h Environment %kerogen % al 
Bearreraig Sst. 30 27 Open marine 30 27 
Cullaidh Shale 1 1 Bar 3 3 
Egol Sst. 3 3 Anoxic basin 1 1 
Lealt Shales 18 21 Su ratidal 0.2 0.3 
Valtos Sst. 2 1 Marine-h rsaline 4 5 
Duntulm 31 32 Marine-brackish 32 34 
Kilmalu 2 1 Brackish 8 8 
Skudibur 2 0 Fresh-brackish 15 18 
Staüin Bay 12 14 Freshwater 5 4 




Table 5.1. Percentage of samples counted for kerogen and palynomorphs in each 
formation and environment category of the whole dataset (paly = palynomorphs). 
Member %kerogen %paly Proximal-distal (Dun 
Caan Shales Mbr. ) 
%kerogen %paly 
Dun Caan Shales 37 40 1 81 76 
Ollach Sst. 1 0 2 19 24 
Udairn Shales 24 34 Total N 48 38 
Holm Sst. 9 12 Distal-proximal (Udaim 
Shales-Holm Sst. Mbrs. ) 
Rigg Sst. 14 6 1 5 5 
_ Dun Caan Shales 
a 
5 2 2 68 70 
Bein na Leac Sst. 8 4 3 20 21 
? Garantiana Clay 
(Raasay) 
3 2 4 7 5 
Total N 131 95 Total N 44 43 
Table 5.2. Percentage of samples counted for kerogen and palynomorphs in each 
category of the Bearreraig Sandstone Formation (paly = palynomorphs). 
Member %kerogen O/opaly Environment %kerogen I/opaly 
Kildonnan 74 75 Marine-brackish 17 17 
Lonfearn 26 25 Brackish 31 30 














Mesohaline 33 33 
Pliohaline 22 22 
Total N 78 76 
Table 5.3. Percentage of samples counted for kerogen and palynomorphs in each 
category of the Lealt Shales Formation (paly = palynomorphs). 
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Environment %kero en °/ al Lithofacies %k en °/ al Biofacies %kero en °/ a1 
Supratidal 1 1 Praeexogyra 
L4 -dia1es 
46 54 Oyster shell 
bank 
39 46 - 
Marine- 
by ersaline 





59 54 Algal Lst. 2 3 Algal marsh 
omit 
7 8 
Fresh-brackish 22 23 Cryptalgal- 
rippled silts 
4 5 Sandy lagoon 
comarunity 
21 9 




muds & sands 
25 27 
Trial N 138 114 138 114 138 114 
Table 5.4. Percentage of samples counted for kerogen and palynomorphs in each 
category of the Duntulm Formation (paly = palynomorphs). 
Member °/dcero ea 'Yopaly Lithofacies %k m °/ al Biofacies /0kero m 
°/ al 





28 24 Bituminous 
shales 
33 33 Neomiodon & 
others 
28 31 
Eawanma]t Silt-time sands 28 31 Neomiodon- 
Pleurom a 
24 20 





69 71 Muddy silts 4 4 Abundant 
C lindroteuthis 
4 4 
Bar 28 24 Total N 54 49 Total N 54 49 
Total N 54 49 
Table 5.5. Percentage of samples counted for kerogen and palynomorphs in each 
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absent; however, the presence of significant levels of Botryococcus suggests 
freshwater influence. 
5.2.2 Formations 
Within the nine formations the kerogen assemblages are dominated by either 
phytoclasts (in the sandstone-dominated Bearreraig and Valtos formations, and 
particularly the mudflat-alluvial Skudiburgh Formation) or AOM (Fig. 5.3). The 
highest palynomorph contents are found in the lagoonal Duntulm, Lealt and Staffin 
Bay formations. The phytoclast assemblages are mostly dominated by brown wood, 
apart from the Skudiburgh Formation where black, wood is dominant (reflecting the 
more oxidising fluvial environment); the underlying Kilmaluag Formation also has 
increased black wood percentages. The proportion of cuticle and membranes is only 
significant in the Lealt Shales Formation. The brown wood is dominated by non- 
biostructured material throughout, and biostructured components are all less than 
20%. Within the non-biostructured wood fraction assemblages are dominated by 
corroded or undegraded material; the former is particularly dominant in the Bearreraig, 
Cullaidh, Elgol, and Duntulm formations, less so in the Valtos and Skudiburgh 
formations. Undegraded material dominates the mean assemblage in the Kilmaluag and 
Staffin Bay Formations. The biostructured brown wood assemblages are dominated by 
striped, banded and pitted particle types in all cases apart from the Bearreraig 
Sandstone Formation which is characterised by increased levels of striate wood. Within 
the other formations increased levels of striped brown wood characterise the 
Skudiburgh Formation; the two sandstone formations of the Great Estuarine Group 
(Valtos and Elgol) are dominated by banded and pitted particle types. 
The only difference between the kerogen and playnomorph count derived parameters is 
again the levels of undifferentiated palynomorphs (Fig. 5.4); all the assemblages are 
sporomorph-dominated, although marine plankton levels are increased in the Duntulm 
and, Staffin Bay formations. Spores represent less than 20% of the assemblage in all 
cases apart from the Valtos and Staffin Bay formations. The dominant pollen fraction 
is represented mostly by unidentified forms, particularly in the Bearreraig Sandstone 
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The formations can be divided into two groups based on their dinocyst and 
Botryococcus levels: the Bearreraig, Duntulm, and Staffin Bay formations are 
dominated by dinocysts (although the Duntulm Formation does show increased 
Botryococcus levels), and the others are dominated by Botryococcus. The marine 
plankton assemblages are all dominated by dinocysts apart from the Lealt Shales 
Formation in which acritarch percentages are increased. Prasinophytes represent 50% 
of the assemblage in the Kilmaluag Formation, but this is misleading as it results from 
only one prasinophyte occurrence in a formation where marine plankton are generally 
absent! 
5.2.3 Member 
The members show most variation in terms of their total kerogen group parameters 
(Fig. 5.5). All the members of the Bearreraig Sandstone Formation show a similar 
phytoclast-dominated distribution apart from the ? Garantiana Clay Member which is 
AOM-dominated. The (upper) Lonfearn Member of the Lealt Shales Formation shows 
a 47% relative increase in %AOM compared to the (lower) Kildonnan Member. The 
increased phytoclast content of the Belemnite Sands Member of the Stain Bay 
Formation (66% relative to the Upper Ostrea Member) presumably reflects its 
sandstone-dominated lithology. The constituent members of the Bearreraig Sandstone 
Formation show most variation in terms of their biostructured brown wood 
assemblages: the Dun Caan Shales Member is striate-dominated, the Udairn Shales and 
Holm Sandstone members have increased striped percentages, whilst the Dun Caan 
Shales (Raasay) and ? Garantiana Clay members are characterised by a dominance of 
banded and pitted material. The members of the Lealt shales Formation also show 
differences in terms of their Botryococcus and marine plankton content. 
5.2.4 Environment and Salinity 
In terms of the main kerogen parameters the majority of environment and ostracod- 
salinity categories are generally similar, being dominated by phytoclasts, but with 
significant contributions from AOM and palynomorphs (Figs. 5.6 & 5.8). Exceptions 
are the mudflat-alluvial category where the kerogen is made up almost completely of 
phytoclasts; phytoclast percentages are also increased in the open marine, supratidal 
and bar categories. Trends are identifiable in the salinity categories: the 
%palynomorphs increases (and %AOM decreases) as the salinity becomes more 
marine, and %AOM increases from the marine to freshwater in the lagoonal 
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wood, but the fresh-brackish environment category (and all three ostracod-salinity 
categories) shows increased %cuticle and membranes. Black wood dominates the 
mudflat-alluvial category, the mean percentage of this particle type is also somewhat 
increased in the freshwater environment category. Non-biostructured brown wood is 
again dominant, but there does appear to be an increase in black wood values from the 
marine to freshwater environment categories, which continues into the mudflat-alluvial 
category. Those environments most dominated by non-biostructured brown wood are 
characterised by particularly high levels of the corroded particles, where as undegraded 
mean percentages are increased in categories where black wood percentages also 
appear to be higher (generally). There is considerable variation within the biostructured 
brown wood fraction; the marine-hypersaline and mudflat-alluvial categories have a 
similar assemblage characterised by a dominance of striped particles, and there is a 
trend of increasing banded and pitted mean values as the environment category 
becomes less saline. 
The majority of environments are sporomorph-dominated, but marine plankton are the 
dominant palynomorph in the marine-hypersaline category (Figs. 5.7 & 5.9). Marine 
plankton values decrease from this category to the freshwater category, the decrease 
being particularly marked (55% relative) between the marine-hypersaline and marine- 
brackish categories. The sporomorphs are dominated by pollen, and spores only 
exceed 20% in the bar category. Within the lagoonal environment categories the 
marine-hypersaline and freshwater environments are characterised by relatively high 
unidentified pollen, while the fresh-brackish and marine-brackish categories show 
increased bisaccate pollen mean percentages. 
The marine-hypersaline and marine-brackish categories are dominated by d. inocysts, 
but there is an increase in Botryococcus levels between these two categories of 20% 
(absolute), a trend which continues into the freshwater category. There is no similar 
trend in the ostracod-salinity categories. However, when the marine plankton 
components are compared, %dinocysts decreases by 55% in relative terms as the 
ostracod derived salinity increases, but this parameter decreases as the environment 
becomes more freshwater. Acritarch percentages are increased in the fresh-brackish 
environment category. 
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5.2.5 Proximal-Distal Trends and Lithofacies 
The Bearreraig Sandstone Formation proximal-distal units and Duntulm Formation 
lithofacies are mostly phytoclast-dominated (Figs. 5.8 & 5.10); however, the 
argillaceous limestone lithofacies is palynomorph-dominated, and the Praeexogyra 
limestone-shales facies is similar to the majority of the Staffin Bay Formation 
lithofacies in having increased %AOM values. All the phytoclast assemblages are 
dominated by brown wood, but the argillaceous limestone lithofacies (Duntulm 
Formation) is characterised by an increase in %cuticle and membrane. Similarly, the 
brown wood is dominated by the non-biostructured component, and the argillaceous 
limestone lithofacies is again distinct, showing an increased mean %black wood. The 
majority of units are dominated by corroded (non-biostructured brown wood), but the 
Stan Bay Formation lithofacies are characterised by increased und,: graded 
percentages, particularly the argillaceous sands and muddy silts. Increased 
pseudoamorphous percentages characterise the distal unit of the Dun Caan Shales 
Member (Bearreraig Sandstone Formation). The biostructured brown wood 
assemblage is reasonably similar in most cases, but the argillaceous limestone and 
Unio-Neomiodon muds and sands lithofacies (both Duntulm Formation) show 
increased percentages of striate and banded and pitted particles respectively. Trends 
are visible in the proximal-distal subdivisions of the Bearreraig Sandstone Formation: 
increasing striped particles in the Dun Caan Shales Member, and increasing striped, 
banded and pitted particles in the Udairn Shales-Holm Sandstone members type 
section. 
The majority of the units are sporomorph-dominated, but increased marine plankton 
percentages are found in the argillaceous limestone and Praeexogyra limestone-shales 
lithofacies (both Duntulm Formation; Figs. 5.9 & 5.11). The only other differences 
seen in the palynomorph assemblages are the increased spores contents of the Stalin 
Bay Formation lithofacies, and the increased Botryococcus percentages in the Unio- 
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5.2.6 Dinocyst Distributions in the Lagoonal Environments and Biofacies 
The lagoonal environment categories show similar dinocyst dominance values apart 
from the fresh-brackish and brackish categories which have significantly lower 
dominance values (Fig. 5.12). The diagram of the dinocyst taxa common to the 
lagoonal environments shows that the brackish category is characterised by a lack of 
Batiacasphaera; the freshwater category also shows a low value for this genus, and is 
instead dominated by Pareodinia. 
Within the biofacies classification of the Duntuhn Formation the 'oyster shell bank' and 
'marine' communities are dominated by dinocysts; the 'algal marsh' community is also 
dominated by dinocysts, but shows slightly increased levels of Botryococcus (Fig. 
5.13). The low salinity community is dominated by Botryococck°. Within the dinocyst 
taxa the major difference between the 'oyster shell bank' and 'marine' communities lies 
in the level of Ctenidodinium, which is 50% lower in relative terms in the latter 
compared to the former; the 'algal marsh' community is characterised by slightly 
increased levels of Sentusidinium and Ctenidodinium. The 'sandy lagoon' community is 
characterised by low levels of Dissiliodinium. 
The biofacies of the Staffin Bay Formation are all almost completely dominated by 
dinocysts (Fig. 5.14). The percentage of Batiacasphaera is generally low, and this taxa 
is completely absent in the 'abundant Cylindroteuthis' biofacies, which is dominated by 
other gonyaulacacean dinocysts. The main difference between the 'monotypic 
Neomiodon' and 'Neomiodon and others' biofacies lies in the proportion of 
Adnatosphaeridium and Rhychodiniopsis which is 12% (absolute) higher in the latter. 
5.3 Summary 
The whole dataset means suggest a phytoclast-dominated setting, with the phytoclast 
assemblage dominated by corroded non-biostructured brown wood. The palynomorph 
assemblage is dominated by the sporomorph component, which is in turn dominated by 
pollen. Comparison of the formations shows that all are mostly phytoclast-dominated, 
particularly those with sandstone-dominated lithologies; only the Kilmaluag Formation - 
is characterised by increased %AOM. Palynomorph mean percentages are increased in 
the three main lagoonal formations; two of these, the Duntulm and Staffin Bay 
formations, contain significant mean percentages of marine plankton, while the Lealt 
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The environment categories are again mostly dominated by phytoclasts, but there is an 
increase in the %AOM from the more marine to the more freshwater categories. In 
general the palynomorph distributions reflect the palaeosalinity variations suggested by 
the environments: the marine-hypersaline and marine-brackish categories being 
dominated by dinocysts, and the freshwater categories being characterised by increased 
mean Botrycoccus percentages. 
The kerogen distributions in the lithofacies and proximal-distal units generally reflect 
the differences in the mean values of the formations in which they occur, although 
there are differences. For example, the argillaceous limestone lithofacies of the 
Duntulm Formation is characterised by high cuticle and membrane percentages, and 
the distal unit of the Dun Caan Shales Member by an increased mean 
pseudoamorphous percentage. 
The dinocyst distributions within the environment and biofacies classifications show 
significant differences in the occurrence of the dinocysts. The dinocyst taxa may be 




6.0 ORGANIC GEOCHEMISTRY 
6.1 Methods 
6.1.1 Total Organic Carbon 
Total Organic Carbon (TOC) was determined on a LECO WR12 device using the 
decarbonated residue of 100mg of powdered sample. The analytical error of each 
measurement is ± 0.05% absolute; the reproducibility of each measurement is ± 0.1% 
of the %TOC value (B. Jones, pers. comm. 1995). 
6.1.1 (a) Introauction 
The abundance of organic matter in sediments is usually expressed as the relative 
percentage of organic carbon on a dry weight basis; the value for ancient shelf shales 
generally falls between 0.7 and 2.2% (Tyson, 1995). This technique provides a simple 
measure of the organic matter content of sediments, but there are problems with the 
interpretation of TOC data which need to be considered. The main problem is that of 
dilution; because TOC is expressed as a relative percentage, it depends not only on the 
supply and preservation of organic matter but also on the supply and preservation of 
siliciclastic and biogenic material (Tyson, 1995). Also, geochemically significant 
changes in the organic matter may not be represented by a change in the TOC, 
particularly in phytoclast-dominated settings where the metabolisable fraction 
represents only a minor constituent (Tyson, 1995). However, despite these problems 
TOC% is widely used as the analyses are simple and fast to carry out and give a good 
starting point for further organic geochemical methods, and can also provide an extra 
element of quantification to palynofacies 
abundance data (section 6.1.1 d). 
studies when combined with percentage 
6.1.1 (b) TOC and Sediment Granulometry 
The organic content of sediments correlates best with the percentage 'mud' (silt and 
clay), and has an inverse correlation with the sand: mud ratio. This is partly due to 
hydrodynamic effects (most organic matter equates with clay-silt) but also may be 
because of the increased oxidation potential of organic matter in porous and permeable 
material. Post-depositional oxidation potential is reduced dramatically in argillaceous 
and silty sands due to the finer grains blocking the pores (Tyson, 1995). 
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6.1.1 (c) TOC and Organic Matter Type 
Correlation between TOC and grain size depends partly on the organic matter type and 
the hydrodynamic equivalence of the particles (Tyson, 1995). Hennessee et al. cited in 
Tyson (1995) show that in those areas of Chesapeake Bay where terrestrial organic 
matter is dominant TOC has a positive relationship with the silt content of the 
sediment, but where phytoplankton derived marine organic matter is dominant, TOC is 
correlated with clay content. A similar relationship is reported by Frank and Tyson 
(1995) who found that the positive relationship between silt and TOC content was 
presumably due to the hydrodynamic equivalence (and common fluvial source) of 
phytoclasts and silt particles. In coarser grained sediments with high relative 
percentages of large phytoclasts the TOC content reflects the low absolute abundance 
of refractory organic matter (Tyson, 1995). 
In siliciclastic shelf settings TOC values of less than 2-3% are usually associated with 
phytoclast-dominated kerogen assemblages, where the TOC content is largely 
determined by variations in absolute phytoclast abundance (input +, dilution). - 
Sediments with TOC > 2-3% are often dominated by phytoplankton-derived AOM, 
with the TOC determined by a combination of dilution, productivity and preservational 
factors (Table 6.1). Maximum TOC values usually occur in lagoonal/estuarine settings 
on the inner shell; and on the upper slope of the outer shelf and do not usually 
exceed 
Y 
5% or 3% respectively, unless anoxic conditions have been developed 
(Tyson, 1995). 
6.1.1 (d) The 'Phytoc' Parameter 
This parameter, first described by Tyson (1989), can be used to give an idea or 
absolute abundance trends in phytoclast abundance on a whole rock basis, by 
combining TOC and the percentage of phytoclasts in the kerogen assemblage. It is 
defined as: 
Phytoc = %TOC x (%relative numeric frequency ofphytoclast materials/100) 
It should be noted that the parameter is not corrected for particle size or density, and 
that different kerogen types contain different percentages of carbon, e. g. black wood is 
very carbonaceous, so relatively small amounts can give relatively high TOC% values 
(Tyson, 1989). Also the parameter is affected by dilution-dependent variations in TOC. 
215 
1 Sediment Texture 
2 Water Depth 
3 Primary Productivity 
4) Rate of Terrestrial vs. Marine Organic Matter Supply 
5 Rate of Sediment Accumulation 
6 Bottom Water Oxygenation 
Table 6.1. Controls on TOC (adapted from Tyson 1987,1995 and references therein). 
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The absolute amount of woody material input into a system is related to the 
proximality of the fluvial source; Mesozoic distal shelf facies thus have relatively low 
phytoc values, typically <1.0, but values can exceed 4.0 in anoxic facies (Tyson, '' 1989; 
4 Dybkjxr, 1991). 
6.1.2 Rock-Eva! Pyrolysis _- 
Whole rock pyrolysis analyses were made by programmed ('Rock-Eva! ') pyrolysis 
using a LECO THA200 device; for more details on the technique see Peters (1986) 
and Bordenave et al. (1993). 
6 1.2 (a) Pyrolysis Parameters 
S1 - Free hydrocarbons, oil and gas originally present in the organic matter, 
expressed as mg HC/g of rock; analytical error f 10% (Bordenave et at, 1993). 
S2 -- Hydrocarbons derived mostly from primary cracking of the kerogen (also heavy 
hydrocarbons, resins and asphaltenes), the total amount of oil and gas produced during 
complete thermal maturation in an open system, expressed as mg HC/g rock; analytical 
error ± 10% (Bordenave et at, 1993). Values >5 and > 10 mgHC/g rock-are 
considered to represent good and very good source rock potential respectively (Peters, 
1986). 
Tmax- Temperature corresponding to the maximum of the S2 peak, expressed in 
°C, analytical error ± 1°C (Bordenave et at, 1993). Reflects maturity and organic 
matter type. 
Hydrogen Index - (S2 / %TOC) x 100, expressed as mg HC/gTOC; used to 
determine kerogen Type, source and preservation state (Table 6.2). 
Production Index - S1/(S1+S2) x 100. Increases due to cracking of kerogen, and to 
a lesser extent to both thermal vaporisation and cracking of asphaltenes causing the S2 
peak to be transformed to S1; ranges from 5% to a maximum of 60%, when almost all 
hydrocarbons have been transformed (Bordenave et at, 1993). 
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Kerogen Hydrogen Character and source 
Type Index 
_ 
Type I 700-900 Selective accumulation of algal or cyanobacterial material, 
sometimes recognisable (e. g. Botryococcus, Tasmanites) but 
dominated by AOM. 
Type II 250-700 Mixed autochthonous organic matter (derived from phyto-, 
zooplankton, and micro-organisms) deposited under reducing 
conditions (Tissot & Welte, 1984). Kerogen assemblages 
characterised by well preserved AOM with a variable 
terrestrial component (Tyson, 1995). 
Type lII 25-250 Derived from macrophyte plants; kerogen assemblages 
typically dominated by phytoclast material, but can also be 
degraded AOM. 
Type N 0-50 Derived from macrophyte plants, kerogen assemblages 
characterised by large amounts of oxidised opaque 
phytoclasts, together with some identifiable higher plant 
remains. 
Table 6.2. Kerogen Type characteristics (modified after Tyson, 1995). The Hydrogen 
Index ranges are approximate only, and are strongly influenced by maturity and 
preservation. The values indicated are for well to moderately preserved immature 
kerogens. 
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61.2 (h) Introduction ýý- 
Rock-Eval pyrolysis is the one of the standard petroleum industry organic geochemical 
screening methods; when combined with TOC data it allows the identification of 
potential source rocks and gives an idea of their quality. As is the case with TOC 
analyses, Rock-Eval pyrolysis is quick and easy to carry out, but there are-als 
-o 
problems which must be addressed when interpreting the data. Peters (1986, p. 321) 
states that'Proper interpretation of Rock-Eval and TOC data requires information on 
lithologies, the relative abundances of OM and the mineral matrix, well conditions, the 
presence or lack of generated hydrocarbons, pyrograms, and geochemical logs'. The 
main problem with Rock-Eval analyses performed on whole rock material is the 
'mineral matrix effect', whereby kerogen-derived hydrocarbons are adsorbed onto'the 
surfaces of clay minerals, reducing the S1 and S2 values (and consequently the 
Hydrogen Index) and increasing the Tmax (Orr, 1981; Katz, -1983; Peters, --1986; 
Tyson, 1995; cf. Bordenave et al., 1993, p. 244, their Fig. 2-16). Problems can also 
occur when the rock is particularly organic lean (e. g. S 0.3% TOC) as the values of the 
parameters can approach the potential analytical errors, i. e. at 0.3% TOC the TAX 
becomes unreliable, 0.3 mg HC/g rock for the S2 (Bordenave et al., 1993). 
6.1.2 (c) Kerogen Type 
The number of variables involved in the determination of natural kerogen assemblages 
(e. g. variations in source, maturation, weathering) means that there is a gradational 
relationship between the four kerogen Types that were defined using atypically pure,,. 
end member compositions as clear groups (Tyson, 1995; Table 6.2). In this study the 
kerogen Type has been defined by the Hydrogen Index and cross-plots of the S2 
parameter with TOC using the approach of Langford and Blanc-Valleron (1990). The 
kerogen Type is defined by plotting Type VII and WIII lines on the graph which 
correspond to HI's of 700 and 200 respectively, this allows a more certain assignation 
of kerogen type than with other methods where the natural mix of components results 
in uncertain Type IM or U/III boundaries (Langford & Blanc-Valleron, 1990). Rock 
matrix adsorption, and/or a 'dead carbon effect' (due to H-poor, TOC-rich inertinitic 
organic matter) is indicated by a positive intercept of the regression line on the x-axis, 
the larger the intercept value the greater the effect (Langford & Blanc-Valleron, 1990). 
The true average HI is given by the slope of the S2 vs. TOC regression line. 
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6 1.3 Organic Facies 
The organic facies approach defined by Jones (1987) is probably more realistic than 
kerogen Type in attempting to classify different kerogen assemblages as it takes into 
account the fact that the assemblages are controlled by preservational factors as well as 
their source, and that changes between assemblages are often gradational (Tyson, 
1995; Table 6.3). It takes an integrated approach combining bulk organic geochemical 
(elemental analysis or Rock-Eval pyrolysis) and microscopical techniques (transmitted 
and reflected light). Tuweni and Tyson (1994) consider that TOC and pyrolysis 
combined with palynofacies analyses provides an excellent means of characterising 
organic facies. 
The three main divisions are into anoxic-dysoxic (A, AB, B, BC ), proximal fluvio- 
deltaic to prodeltaic-oxic shelf (C, CD), and distal slowly deposited, oxic facies (D) 
(Tyson, 1995). 
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Organic Facies Description Palynofacies characteristics 
immature 
A HI > 850 Rare; well laminated; organic- AOM dominant; phytoclasts 
TOC 5-20% rich; usually lacustrine; low; blackbrown ratio high; 
persistant bottom water anoxia; often rich in prasinophytes if. 
recognisable terrestrial OM marine or chloroccocales if'-, 
 input negligible. lacustrine. 
AB 1 11650-850 Laminated; organic-rich; OM As above. 
TOC 3-10% almost all algal/bacterial; 
persistent anoxic water column. 
B HI 400-650 Laminated-well bedded; higher As above, but, dinocysts 
TOC 3-10% percentage of terrestrial and dominant planktonic . ý_ :. 
residual OM than AB; often organic-walled 
fluctuating bottom water microplankton. 
anoxia; often interbedded with 
less oil-prone facies. 
BC 1 -11250-400 Oxic water column; rapid Moderate AOM; moderate . TOC 3+/-1 deposition creates post- phytoclasts; blaclcbrown. ` 
depositional anoxia; OM mixed ratio usually low; dinocysts 
partially biodegraded terrestrial dominant planktonic 
and algal material. organic-walled 
micro lankton. 
C HI 125-250 OM dominated by variously AOM low/absent; 
TOC 3+/-1 oxidised terrestrial OM. phytoclasts dominant; 
black: brown ratio usually 
low; this facies can also be 
dominated by partly 
oxidised (non-fluorescent) 
AOM. 
CD HI 50-125 Moderate-well oxidised AOM low/absent; 
TOC<0.5 terrestrial OM; substantial phytoclasts dominant; 
residual OM increasing black: brown 
ratio; this facies can also be = 
dominated by partly 
oxidised (non-fluorescent) 
AOM. 
D 111<50 Highly oxidised or redeposited As above 
TOC<0.5 residual OM 
Table 6.3. Organicfacies (after Jones, 1987 and Tyson, 1995). 
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6.2 TOC and Phytoc Results 
The mean TOC value for the whole dataset is 1.5%, but, the modal value is 0.5-1.0%. 
The vast majority of cases have TOC values of less than 3%; less than twenty samples 
exceed this value (Fig. 6.1). 
6.2.1 Lithology 
6.2.1 (a) Gross Lithology 
The mean TOC value (Fig. 6.2) shows a progressive decrease of 70% in relative terms 
from shales to limestones; the mean phytoc value is at its maximum in the silts 
category, then shows a progressive decrease to the limestones. 
6.2.1 (b) Sample Lithology 
Figure 6.3 shows that within the sample lithology classification the mean TOC and 
Phytoc values show a similar pattern to that indicated for gross lithology. 
6.2.1 (c) The Effect of Organic Matter Type 
When only those samples dominated by AOM (>_50%) are included (Fig. 6.4) the 
highest mean TOC value is found in the shale category (40% greater in relative terms 
than the silty shales), and the mean value in the other lithologies is less than 0.5%. 
When only the phytoclast-dominated samples are included (Fig. 6.5) the silt category 
shows the maximum TOC (1.7%) and relatively increased TOC values are found in all 
the sand- and silt- dominated categories; the value for silty shale is 14% greater in 
relative terms than that for shale. This suggests that when AOM is dominant increased 
TOC values are correlated with clay-rich lithologies (shale), but when phytoclasts are 
dominant, increased TOC values are correlated with silt- and sand-rich lithologies (cf. 
Hennessee et al., 1986 in Tyson, 1995). The higher mean TOC found in phytoclast- 
dominated silty shales may be partly due to autochthonous organic matter, as the 















Fig. 6.1. TOC frequency histogram for the whole dataset. 
Std. Dev = 1.1 
Mean = 1.5 
N= 232 
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Shales (N = 149) Sifts (N = 41) Sands (N = 27) Limestones (N = 5) 
Gross lithology 
Mean TOC% 
Q StdDev TOC% 
Mean PHYTOC 
StdDev PHYTOC 
Fig. 6.2. Mean TOC and phytoc values in each gross lithology category of the whole 














Shale Shaley Sandy Arg. Lat. Arg. Shaley 
sift sift Sgt. Let. Sgt. 
Silty Sift Sifty Clean Shaley Sandy Clay-mud 
shale Sst. Sst. Lat. shale 
W Mean TOC% 
EJ StdDev TOC% 
Mean PHYTOC 
StdDev PHYTOC 
Fig. 6.3. Mean TOC and phytoc values in each sample lithology category of the whole 





Fig. 6.4. Mean TOC value in each lithology category of the whole dataset when only 
those samples with > 50% AOM are included. (N = number of samples). 
L. V 
N =37 




Shale Siky Shaley Silt Sandy Silty Arg. Clean Lst. Clay-mud 
shale sik sik Sst. Sst. Sst. 
L'Rhology 
Fig. 6.5. Mean TOC value in each lithology category of the whole dataset when only 
those samples with > 50% phytoclasts are included. 
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Shale Silty Shaley Silt Arg. Sst. Shaley Shaley Clay-mud 
shale sift Lst. Sot. 
LIIhology 
6.2.1 (d) The Effect of Dominant Lithology 
This has been carried out using the gross lithology and gross dominant lithology 
classifications (as sample numbers are too low to be significant using the individual 
sample and dominant lithology categories). New categories were created for 'shales in 
shales' and 'shales in sands' representing shale samples interbedded within the two 
dominant lithologies (cf. Chapter 4.0). 
Figure 6.6 shows that in the whole dataset there is no difference in the mean TOC% 
between the 'shales in shales' and 'shales in sands' categories, but that the maximum 
TOC value is 30% lower in the 'shales in sands' category relative to the shales in shales. 
The phytoc values show a similar pattern to that indicated for TOC (Fig. 6.7). 
6.2 1 (e) The Effect of Shale Characteristics 
These analyses have been carried out using only those samples which have a shale 
sample lithology. 
Colour 
Figure 6.8 shows that the highest mean TOC is found in the black category (4.5%); 
there is then a progressive decrease of 80% in relative terms to a value of 0.9% in 
medium dark grey shale. There is also a sharp decrease of 87% in relative terms from 
brown black to brown grey shale. The medium grey colour samples appear anomalous, 
and it is possible that the colour has been lightened by mixing with carbonates, as most 
of these samples (3/4) come from the lower part of the Lonfearn Member type section 
where limestone is the dominant lithology. Figure 6.9 shows that in the three 
formations which contain significant numbers of shales, there is a similar decrease in 
TOC from the darkest colour shales present to the lighter grey samples, although this 
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Shales in shales (N - 119) Shales in sands (N - 14) 
Fig. 6.6. TOC values in the shales gross lithology category subdivided according to 







Allan Std Div Minimum Maximum Allan Std Div Mnlmum Maximum 
Shales in shales Shales In sands 
Fig. 6.7. Phytoc values in the shales gross lithology category subdivided according to 
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COLOUR grey 
Fig. 6.8. Mean TOC values in each shale colour category of the whole dataset. (N = 
number of cases). 
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Figure 6.10 shows that the mean TOC value is similar regardless of whether 
bioturbation is recorded as absent ('none') or 'present', but it falls by 58% in relative 
terms in the heavily bioturbated shales. The maximum TOC value shows a progressive 
decrease from 8% in the non-bioturbated shales to 1.1% in the heavily bioturbated 
category (2.6% for bioturbation'present'). 
Shale Type 
The bituminous shales have the highest mean TOC (5%); the carbonaceous shales and 
shales with silt laminae have similar TOC values, 70% lower than the bituminous 
shales in relative terms (Fig. 6.11). The shales with silt laminae have an increased mean 
and maximum phytoc value relative to the carbonaceous shales by 60% and 100% 
respectively. 
6.2.2 Stratigraphic Trends in Mean Values 
The stratigraphic trends in TOC and phytoc (Fig. 6.12) partly reflect differences in 
lithology between the lithostratigraphic units, but the influence of transgressive and 
regressive trends can also be identified, although often these two factors are 
correlated. For instance, the regressive coarsening-upwards nature of Sequence D- 
(Dun Caan Shales to Rigg Sandstone Members) is reflected in the decline in TOC 
through this sequence; the change in lithology to shale in the overlying transgressive 
? Garantiana Clay Member is correlated with a sharp increase in TOC values. There is a 
similar sharp increase in the transgressive Upper Ostrea Member, which marks the base 
of Sequence F near the top of the section. There are similar relationships in the Great 
Estuarine Group (Sequence E), where the regressive, coarser-grained Valtos 
Sandstone and Skudiburgh Formations (which mark the tops of minor sequences E2 
and E3 respectively) have low mean TOC values; however, the transgressive , 
argillaceous Duntulm Formation (base of E3) shows no increase in TOC, and the Elgol 
Sandstone Formation (top of El) shows an increase in TOC from the Cullaidh Shale 












El Standard Deviation 
Minimum 
Mabmum 
Fig. 6.10. Summary of TOC data for each shale bioturbation level category, whole 








Fig. 6.11. Summary of TOC data for each shale type category, whole dataset. (N = 
number of cases). 
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Fig. 6.12. Stratigraphic trends in mean TOC and phytoc values through the Middle 
Jurassic succession. (N = number of cases). 
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6 2.3 Environment and Salinity 
This was carried out only on, samples with a shaley gross lithology (shale and silty 
shale sample lithology) in order to reduce lithologic bias in the analysis. Within the 
environment classification of the whole dataset (Fig. 6.13) the mean TOC value is at its 
maximum in the open marine category (2.0%); the minimum mean value is found in the 
marine-hypersaline environment (0.7%), and within the other categories the mean TOC 
value is similar at 1.5-2.0%. There is a relative increase in the mean TOC from the 
marine-hypersaline to freshwater category of 130%, but this is not progressive, and 
mostly occurs in the change to a marine-brackish environment. Although the mean 
TOC value is similar in the lagoonal environments, there is a progressive decrease in 
the maximum value from 7.0% in the marine-brackish to 2.6% in the freshwater 
category. 
The mean phytoc values exceed 1.0 only in the open marine category; in the lagoonal 
environments there is a relative increase of over 100% from the marine-hypersaline to 
brackish categories and then a relative decrease of 50% from the brackish to 
freshwater environments, suggesting that the maximum amount of terrestrial organic 
matter is present in the brackish category (of lagoonal environments). 
In both the Lealt Shales and Duntulm Formations (Fig. 6.14) there is an increase in the 
mean TOC value from the most marine environment present to the freshwater-brackish 
category of ca. 45% in relative terms; however, in the Lealt Shales Formation there is 
then a 32% relative decrease in the freshwater category. The mean phytoc values (Fig. 
6.15) in the Lealt Shales Formation are similar throughout, but there is a progressive 
increase in the maximum value from the marine-brackish to freshwater-brackish 
category. In the Duntulm Formation the highest mean phytoc value is found in the 
freshwater-brackish category, but the maximum of 1.6 is found in the marine- 
hypersaline category. 
In the salinity classification of the Lealt Shales Formation (Fig. 6.16) the maximum 
mean TOC and phytoc values are found in the freshwater-miohaline category; the 
mean values in the other categories are similar, but there is a progressive decrease in 
the maximum TOC value of over 50% in relative terms from this freshwater-miohaline 
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(N = 33) (N=3) (N=4) (N = 6) (N=54) (N=16) (N=25) (N=8) 
Environment 
Fig. 6.13. Mean TOC and phytoc values for each environment of the shales gross 
lithology category, whole dataset. (N = number of samples). Key to abbreviations in 
Table 6.4. 
Environment Abbreviation 
en marine OM 
Bar Bar 
Anoxic basin Ano 
Supra-tidal SpT 






Table 6.4. Environment classification and abbreviations. 
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Fig. 6.14. Boxplot of the distribution of TOC values in the environments of the shales 
gross lithology category in the four major formations. The boxes contain all the 
values between the upper and lower quartiles, the thick black line represents the mean 
value; the whisker lines represent the maximum and minimum values. Key to 
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Environment 
Fig. 6.15. Boxplot of the distribution of phytoc values in each environment of the 
shales gross lithology category of the four major formations. N= number of samples, 
key to definitions in Fig. 6.14, key to environments in Table 6.4. 
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Fig. 6.16. Mean TOC and phytoc values in the salinity classes of the shales gross 
lithology category of the Lealt Shales Formation. (N = number of samples). 
-, ttuv 















6.2.4 Litho- and Biofacies 
6.2.4 (a) Duntulm Formation 
The analysis was carried out using only those samples with a shaley gross lithology. 
The mean TOC values (Fig. 6.17) only exceed 1% in the algal limestones and 
cryptalgal-rippled siltstones lithofacies (3a and b), but the maximum TOC value is 
found in the dominant Praeexovra limestone-shales facies. The phytoc values show a 
similar distribution. 
6.2.4. (b) Staffin Bay Formation 
The mean TOC value (Fig. 6.18) shows a progressive relative decrease of 70% from 
the bituminous shales lithofacies to the muddy silts which characterises the top of the 
formation. The phytoc values show a decrease from the calcareous clay-limestones at 
the base of the formation to the muddy silts, suggesting a decline in the absolute 
amount of terrestrial organic matter through the formation, or increased sediment 
dilution. Within the biofacies classification the mean TOC value is 70% greater in the 
monotypic Neomiodon category relative to the more diverse Neomiodon and others 
biofacies; the phytoc values show a similar pattern. 
6 2.5 Correlation with Palynofacies Parameters 
An attempt has been made to correlate selected palynofacies parameters with the TOC 
values, especially those which are related to organic matter preservation (e. g. AOM, 
fluorescence level). Carrying out this procedure on the whole dataset has revealed no 
strong (significant) correlation between the TOC and any of the palynofacies 
parameters. However, at an individual formation and member level correlations have 
been found which suggest a relationship between the TOC and certain palynofacies 
parameters, although it should be noted that TOC content is the result of a 
combination of input, preservational, and dilution factors, and palynofacies parameters 
only relate to . the 
first two of these (and to input only in a qualitative sense). Also, 
palynofacies data is based on relative numeric frequencies not relative volumes, so the 
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Fig. 6.17. Mean TOC and phytoc values in each lithofacies within the shales gross 
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Fig. 6.18. Mean TOC and phytoc values in each lithofacies within the shales gross 
lithology category of the Staffin Bay Fm. (N = number of cases). 
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6.2.5 (a) Bearreraig Sandstone Formation 
Within this formation the Rigg Sandstone Member is the only unit in which there is 
correlation between TOC values and a palynofacies parameter (AOM). Figure 6.19 
shows a strong positive relationship between TOC and %AOM of kerogen in the 
samples from this member (r2 = 0.9, regression significant at 99% level), suggesting 
that the higher TOC values may be related to increased production or preservation of 
this material. No other significant correlations were found in any of the other units in 
this formation. 
6.2.5 (b) Lealt Shales Formation - 
Cross plots of TOC values with palynofacies parameters in this formation have 
revealed particularly strong (significant) correlations in the Lonfearn Member and 
lesser correlations in the Kildonnan Member and whole formation dataset. Figure 6.20 
shows a strong positive correlation (r2 = 0.9) between TOC values and %AOM in the 
Lonfearn Member; in the Kildonnan Member and whole formation the correlations are 
lower (r2 < 0.4), but the plot still shows a positive relationship between the two 
variables. This suggests that whilst the TOC of the Lonfearn Member is potentially 
controlled mostly by fluctuations in °/oAOM (preservation), other factors also control 
the TOC values in the Kildonnan Member. There is no strong correlation between the 
TOC values and the fluorescence level of the kerogen in either member (Fig. 6.21), but 
a positive trend does exist in the whole formation dataset suggesting that the higher 
TOC values may indeed be related to increased organic matter preservation. The 
difference between the two members does not seem to be due to lithological 
differences as it still exists to virtually the same extent when only shale samples are 
included in the analysis (Lonfeam Member r2 = 0.9, Kildonnan Member r2 = 0.4). 
Figure 6.22 shows the positive relationship (r2 = 0.5) that exists between the TOC 
values and the %Botiyococcus within the palynomorph assemblage in the whole 
formation dataset; this may represent a correlation of TOC with ? productivity (organic 
matter input), although Botryococcus is usually most common in oligotrophic settings. 
,. 
6.2.5 (c) Duntulm Formation 
No significant correlation between TOC and palynofacies parameters were found in 
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Fig. 6.19. Grossplot ofAOMand TOC in the Rigg Sandstone Member of the 






Fig. 6.20. Crossplot ofAOMand TOC in the Lealt Shales Formation. 
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Fig. 6.22. Crossplot of TOC and the percentage Botryococcus (ofpalynomorphs) in 
the Lealt Shales Formation. 
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6.2.5 (d) Staffin Bay Formation 
In this formation only the Upper Ostrea Member shows a positive correlation (r2. , 
0.6) between TOC values and the °/. AOM (Fig. 6.23). This suggests that the primary, 
control on TOC is AOM content (i. e. preservation, c£ section 6.3.5), but the level of 
the correlation coefficient suggests that other factors are probably also important., 
Detailed examination of the bituminous shales lithofacies category of this member 
shows that there is a strong positive correlation (r2 = 0.8, regression significant at 99%. 
level) between the TOC values and %AOM (Fig. 6.24), and a lesser positive 
correlation (r2 = 0.5, regression significant at 97% level) between TOC values and 
fluorescence levels (Fig. 6.25). This suggests that in this lithofacies the TOC content is 
primarily controlled by AOM preservation. This is also expressed in the colour of the. 
shales: those with low AOM, fluorescence, and TOC levels are olive grey, whilst those 
with high levels of all three parameters are black or black brown. 
6.3 Fluorescence Results 
6.3.1 Mean Fluorescence 
Fluorescence observations were carried out on 359 samples; those samples not 
included are from the Bearreraig Sandstone Formation where slides were made using 
glycerol as the mounting medium. As the latter medium is itself fluorescent, no reliable 
observations of the organic matter fluorescence were possible; for this reason a 
selection of slides from this formation were re-mounted using the non-fluorescent 
elvacite mounting medium used in the rest of the study. The mean fluorescence value 
for the whole dataset is 3.4. The fluorescence scale (Tyson, 1995) is shown in Table 
2.4. 
6 3.2 Lithology 
6 3.2 (a) Gross Lithology 
Within this classification the mean fluorescence values are relatively uniform, but they 
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Fig. 6.23. Crossplot of TOC and AOM in the Upper Ostrea Member of the Staffin Bay 
Formation. Note that the r2 value is probably artificially high due to the samples 
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Fig. 6.24. Crossplot of TOC and AOM in the bituminous shales lithofacies of the 
Staffin Bay Fm. The number next to each data point represents its colour: 1= black 
9= olive grey, 10 = brown black 
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Fig. 6.25. Crossplot of TOC and fluorescence level in the bituminous shales 
lithofacies of the Staffin Bay Fm. The number next to each datapoint represents its 
colour: 1= black, 9= olive grey, 10 = brown black 
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6.3.2 (b) The Effect of Dominant Lithology 
This was carried out using the gross lithology and gross dominant lithology 
classification (Chapter 4.0). In the whole dataset the mean fluorescence values in the 
'shales in shales' and 'shales in sands' categories are similar, but the maximum 
fluorescence level is-lower (4) in the latter category than in the former (5). In the 
Bearreraig Sandstone Formation there is a 20% reduction in the mean fluorescence 
value in the 'shales in sands' relative to the 'shales in shales', the maximum fluorescence 
value is also lower than in the 'shales in shales' category (3 vs. 5). A similar pattern can 
be seen in the maximum values exhibited by the Lealt Shales Formation. 
6 3.2 (c) The Effect of Shale Characteristics 
Colour 
The effect of shale colour on fluorescence values is discussed in section 4.5. 
Bioturbation 
Figure 6.26 shows that the modal and maximum fluorescence values have been 
reduced in the bioturbated relative to the non-bioturbated shales by 1.0 (absolute). 
Shale Type 
The fluorescence values show no relationship with this parameter. 
6.3.3 Formation 
There is very little variation in the mean fluorescence levels of the shales (gross 
lithology) in each of the formations (Fig. 6.27): they generally fall between 3 and 4 
'and 
only exceed the latter value in the Kilmaluag Formation. Similarly, the maximum 
values show little variation, although they are somewhat reduced (4 rather than . 
5) in 























Fig. 6.26. Mean fluorescence scale points for bioturbated and nonbioturbated shale 
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Fig. 6.27. Mean fluorescence scale points of samples in the shales gross lithology 
categoryfrom each formation examined. (N = number of cases). 
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6.3.4 Environment 
The mean shale fluorescence values of the whole dataset also show little variation 
within the environment classification; they all fall between 3 and 4, apart from in the 
sandstone-dominated bar category where the mean value is 2, and in the freshwater 
category where the mean value is 4.3. The maximum values are all 5, apart from in the 
bar and marine-hypersaline categories. 
6 3.5 Percent ADM and Fluorescence 
Figure 6.28 shows that in the whole dataset there is an increase in the mean %AOM 
through fluorescence categories 2 to 5 of nearly 6^0% in relative terms. The value for 
scale point 1 is anomalous (only three samples); any AOM in this category is likely to 
be very degraded and the sediment containing these samples is relatively light in 
colour. In three out of the four major formations there is a similar increase in %AOM 
from fluorescence categories 2 to 5, these increases are ca. 700% in relative terms in 
the Duntuim and Stalin Bay Formations, and 1000% in the Lealt Shales Formation 
(Fig. 6.29); in the Bearreraig Sandstone Formation %AOM levels are relatively low 
and constant. 
6.4 Rock-Eval Pyrolysis Results 
in this section the pyrolysis results will be examined, particularly the hydrogen index, 
and any correlation between this and the optical data. The hydrogen index and kerogen 
type have been calculated using two approaches: the usual method of calculating the 
hydrogen index from the measured values (S2/TOC x 100), and calculation by the S2- 
TOC regression method of Langford and Blanc-Valleron (1990). 
6.4.1 Tmax and Maturity 
Tmax for the majority of the samples is less than 430°C (i. e. 417°C to 430°C), 
equivalent to Ro < 0.5% (cf. Langford & Blanc-Valleron, 1990). This Tmax figure is 
only significantly exceeded by samples from the Kilmaluag Formation, where values 
range between 436 and 451°C (Ro = 0.6-1.0%), and from the Lealt Shales Formation 
where samples from the Kildonnan Member have Tmax values between 439 and 445°C 






- Fig. 6.28. Mean percentage ofAOMfor each fluorescence scale point, whole dataset. 












Fig. 6.29. Mean percentage of AOM for samples of each f uorescence scale point in 
the Lealt, Duntulm, and Staffin Bay formations. 
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between 432 and 438°C (Ro = 0.5-0.6%). 'It should be noted that Tmax values are also 
affected by kerogen type and TOC levels; the mean Tmax value is increased in the 
higher fluorescence categories which reflect well preserved organic matter and 
dysoxic-anoxic conditions (Fig. 6.30). 
6.4.2 Measured Hydrogen Index 
In total 57 analyses were performed. The mean measured hydrogen index (HI) is 220 
mg HC/g TOC; there is a high standard deviation (176). The distribution of HI values 
is shown in Fig. 6.31. The number of. cases decreases with increasing HI: 29/57 
samples have a HI of less than 175, and only 3/57 have a HI of greater than 500. There 
are two modal ranges, 25-75 and 75-125, each of which contain 11 samples. 
6.4.2 (a) Stratigraphic Trends 
Within the formations the highest mean HI (equivalent to Type VII kerogen) is found 
in the Kilmaluag Formation, the lowest in the Valtos Sandstone Formation (Type 
111/1V). It exceeds 200 (equivalent to Type II/III kerogen) in all the other formations 
apart from in parts of the Bearreraig Sandstone and Duntulm formations which fall into 
Type IIUII (Fig. 6.32). Within the Bearreraig Sandstone Formation there is 
considerable variation in HI between the members, with the Dun Caan Shales and 
? Garantiana Clay members (which have better preserved AOM, and define the bases of 
regressive sequences D1 and El) having Type HU kerogen. Subdivision of the 
former member into its two proximal-distal categories (Fig. 6.33) shows that the more 
distal, upper section has a reduced mean HI (by 75% in relative terms) and equates to 
a Type IIUIV kerogen. This is correlated with lower kerogen fluorescence levels, the 
more disseminated nature of the AOM, and a sandstone-dominated lithology, 
compared to the more proximal division which has Type II/III kerogen and better 
preserved AOM. There is also an increase in the mean HI from the Udaim Shales at 
the base of minor sequence Dl to the Rigg Sandstone which marks its top (100% in 
relative terms). There are relative increases in HI of 70% and 200% through the Elgol 
Sandstone-Lealt Shales andValtos Sandstone-Duntulm transgressions respectively, the 
latter increase continuing into the regressive Kilmaluag Formation. In the transgressive 
Staffin Bay Formation the mean HI decreases by 80% in relative terms from the 
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Fig. 6.31. Frequency histogram of measured hydrogen index distribution in the whole 
dataset. 
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Fig. 6.32. Mean measured hydrogen index in each lithostratigraphic unit of the 
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Fig. 6.33. Mean hydrogen index in each proximal-distal unit of the Dun Caan Shales 




6 4.2 (b) Environment, Salinity and Lithofacies 
Within the environment classification of the whole dataset (Fig. 6.34) the mean HI 
shows a general increase from 96 in the marine-hypersaline environment to just under 
577 in the freshwater category (this increase is progressive apart from an anomalous 
result in the brackish environment). The high value found in the freshwater category is 
due to the Kilmaluag Formation samples which dominate this category (3/4). The 
lowest mean HI value, for the bar category, ' is because it represents sand-dominated 
lithologies from the Belemnite Sands Member of the Staffin Bay Formation. 
In the Lealt Shales and Duntulm Formations (Fig. 6.35) there is a similar general trend 
of increasing mean HI from the more marine to the more freshwater environments. In 
the Lealt Shales Formation the mean HI increases by ca. 100% in relative terms from 
160 in the marine-brackish to 317 in the freshwater-brackish category; it then falls 
dramatically (> 70% in relative terms) to less than 100 in the freshwater category, but 
the latter is represented by only one sample. The Duntulm Formation shows a 
progressive relative increase in mean HI of 200% from the marine-hypersaline to 
freshwater-brackish categories. In the ostracod-salinity classification of the Lealt 
Shales Formation (Fig. 6.36) there is a similar trend of the mean HI increasing as 
salinity falls. 
In the lithofacies classification of the Duntulm Formation the mean HI in the dominant 
Praeexogyra limestone-shales facies is just over 200; in the other lithofacies the mean 
HI does not exceed 100, but there are too few samples for confident conclusions. 
There is a similar problem in the Staffin Bay Formation where the lithofacies mean HI 
values (Fig. 6.37) suggest a reduction in HI through the formation correlated with the 
overall coarsening-upwards nature, but sample numbers are only significant in the 
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Fig. 6.34. Mean hydrogen index in each environment category of the whole dataset. 
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Fig. 6.35. Boxplot of the hydrogen index values in the lagoonal environment 
categories of the three main lagoonal formations. The boxes contain all the values 
between the upper and lower quartiles, the thick black line represents the mean value; 
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Fig. 6.36. Mean hydrogen index in each ostracod-salinity category of the Lealt Shales 
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Fig. 6.37. Hydrogen index values in each lithofacies category of the Staffin Bay Fm. 
(N = number of cases). 
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6.4.2 (c) Hydrogen Index and Fluorescence 
Figure 6.38 shows that there is a progressive increase in the mean HI of 280% in 
relative terms through fluorescence categories 1 to 5 (apart from an anomalous result 
in category 3 where the mean HI is lowered). The mean value in categories 1 to 3 is 
actually quite similar and the correlation of, the - HI with kerogen fluorescence is 
expressed better in terms of the maximum HI value found in each fluorescence 
category, which shows a progressive increase from 130 to 810 (> 500% in relative 
terms). The statistical correlation of optical and pyrolysis data is discussed in section 
6.4.5. 
6.4.2 (d) TOC and Hydrogen Index 
If these two variables are correlated it suggests that the quantity and quality of organic 
matter are related; the cross plot (Fig. 6.39) of the whole dataset shows no general 
correlation (r2 < 0.2), but within the different formations significant positive 
correlations can be found. In the Lealt Shales and Stain Bay formations, for example, 
where r2 values are 0.4 and 0.6 respectively. Of the formations containing significant 
sample numbers the latter two formations are characterised by significant variation in 
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Fig. 6.38. Hydrogen index values for samples with each fluorescence scale point, 















Fig. 6.39. Crossplot of TOC and hydrogen index, whole dataset. 
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6 4.3 Calculated Hydrogen Index 
Figure 6.40 shows that the majority of samples correspond to either a Type H or Type 
III kerogen composition. Only one sample falls into Type I and two other samples 
cluster around the Type IM boundary; all three are from the Kilmaluag Formation.,, 
Thirteen samples have an S2 of greater than 10 mg HC/g rock and a further twelve 
samples are in the range 5-10 indicating good petroleum potential sensu Peters (1986); 
25 of the 57 samples have good-excellent petroleum potential. Regression of all the 
data indicates an intercept on the x axis of ca. 0.7; the average HI is 368. The r2 value 
of 0.6 shows that the samples are moderately dispersed (Table 6.5). 
Comparison of the x-intercepts shows that the matrix effect is most prevalent in the 
Lealt Shales and Staffin Bay formations and has least effect in the Duntulm Formation. 
Langford and Blanc-Valleron (1990, p. 803) consider an intercept value of 0.6 to be 
'fairly high'. Figure 6.41 shows that in part the x -intercept may also reflect the black 
wood (= 'dead carbon') content of the kerogen; the x-intercept of the regression line 
for those samples with a higher black wood content (11-20%) is some 0.2 higher than 
for those containing less than 10% black wood 
6.4.4 Comparison of Hydrogen Index Values 
Table 6.6 shows the HI values of the whole dataset and of each major formation 
as measured and as calculated by the S2-TOC method. It can be seen that the HI 
values derived from the S2-TOC plot are much higher (sometimes more than double) 
than the measured HI. This suggests that the rock matrix effect is significantly 
suppressing the measured value. This effect is enough to change the estimated kerogen 
Type from Type II-III to Type II (although the HI range of the latter is from less than 
300 to greater than 500). 
6.4.5 Multiple Regression of Optical and Hydrogen Index Data 
Multiple regression has been used to analyse the relationship between HI and' 
parameters from the optical data that are considered most likely to influence it. These 
parameters are the fluorescent liptinitic fraction of the assemblage (Hartman-Stroup,, 
1987; Tyson, 1989,1995 & refs. therein), and the brown/black wood ratio (which can 
be particularly important at low HI values; c£ Frank & Tyson 1995). The parameters 
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Unit N S2-TOC equation x-intercept r2 
All data 57 = -2.397 + 3.681x 0.7 0.6 
Bearreraig Sandstone Fm 17 = -3.242 + 3.432x 0.9 0.5 
Lealt Shales Fm 13 y= -5.605 + 5.405x 1.0 0.8 
Duntulm Fm 13 = -1.356 + 2.877x 0.5 0.7 
Staffin Bay Fm 7 y= -6.689 + 4.220x 1.6 0.7 
N= number of samples; r2 = coefficient of correlation. 
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Fig. 6.41. S2-TOCplot showing the effect of black wood (dead carbon) content on 
the x-intercept of the regression line. 
Samples Measured HI& Te S -TOC HI& Te 
All data 220 II/III 368 (1 
Bearrerai Sandstone Fm 160 III/II 343 II 
Lealt Shales Fm. 250 II/III 540 II 
Duntulm Fm 160 WH 287 II 
Staffin Bay Fm 235 (II/III) 420 II 
Table 6.6. Mean hydrogen index and kerogen Type derived from different methods. 
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kerogen (Tpaly), %cuticle of phytoclasts (CulTphy), brown: black wood ratio 
(Bro/blk), %Botryococcus of palynomorphs (Bot/Tpaly), and fluorescence level from 
the scale described in section 2: 2.1 (Fluor). Although only some of these parameters 
are expressed as percentage values the standardisation procedure carried out in 
multiple regression allows all these variables to be included. 
6 4.5 (a) Whole Dataset 
The multiple R value shows a positive relationship between the independent variables 
and dependent variable (Table 6.7a), but the r2 value is relatively low, suggesting that 
there is much variation about the mean HI that is not explained by the regression 
equation. The low significance of F value shows that the regression is significant at the 
99% level. 
Examination of Table 6.7b shows that AOM, the brown: black ratio, and Botryococcus 
have relatively high beta values and low significance of T values; this suggests that it is 
these variables that are having the greatest effect on the HI. 
The path analysis diagram (Fig. 6.42) shows that AOM, 'the brown: black ratio, and 
Botryococcus have the greatest causal effect on the HI. However, AOM and 
Botryococcus are correlated at the 0.4 level, and AOM and fluorescence are the most 
strongly correlated pair ofvariables (0.6). The U value of 0.76 shows that a significant 
proportion of the standard deviation of the HI is not explained by the six independent 
variables. 
6.4. S (b) High vs. Low Salinity 
Multiple regression has been carried out on a combination of the marine-hypersaline 
and marine-brackish (high salinity) environment categories, and on a combination of 
the freshwater-brackish and freshwater (low salinity) categories. Both analyses show a 
positive relationship between the independent and dependant variables (Table 6.8a); 
the r2 value in the low salinity data is double that in the high salinity data, showing 
better explanatory power for the regression equation and good prediction of the HI in 
the former. The significance of F value in this data shows that the equation is 
significant at the 95% level; the higher figure obtained for the high salinity data 
suggests that this equation is only significant at the 68% confidence level. 
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a) 
Multiple R 0.6447 N 57 
R Square 0.4157 Mean HI 221 
Adjusted R Square 0.3209 Std Dev 176 
Si cance ofF 0.0019 HI range 36-810 
b) 
Variable Beta value Significance of T 
Brown/black 0.4244 0.0147 
ratio 
Fluorescence 0.1725 0.2902 
level 
Cuticle/ 0.0619 0.6642 
phytoclasts 
otyococcus/ 0.3780 0.0136 
al omo hs 
Palynomorphs/ 0.1478 0.3784 
kerogen 
AOM/ 0.4407 0.0138 
kero en 
Table 6.7. Results of the multiple regression analysis of hydrogen index and optical 
data, whole datset. The three highest beta values are underlined 
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Key: AOM, etc. = independant variables 
HI = dependant variable 
U= other variables 
Figures in bold (e. g. 0.4) = Beta coefficients from multiple regression 
Figures in italics (e. g. 0.1) = Pearson's correlation coefficient 
Figure underlined (e. g. 0.76) = square root of I-r2 
Fig. 6.42. Path analysis diagram for the whole dataset hydrogen index multiple 
regression. 
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The most important variables in the high salinity category are Botryococcus and the 
brown: black ratio; note the almost non-existent contribution from AOM (Table 6.8b). 
By contrast this variable (AOM) is the most important variable in the low salinity data, 
having a beta value more than three times greater than the second most important 
variable (Botryococcus). 
The path analysis diagrams (Figs. 6.43 & 6.44) show that in the high salinity category 
Botryococcus and the brown: black ratio have the greatest causal effect on the HI, and 
the correlations between the variables are generally fairly low (< ± 0.5), particularly 
between the two most important variables (- 0.2). The U value shows that a significant 
proportion of the variation of the HI is not explained by the independent variables. In 
the low salinity category the AOM has the greatest causal effect on the HI, and there 
are significant contributions from Botryococcus and fluorescence, but, in this analysis 
the correlations between the important variables are higher (0.5 to 0.7). In this case the 
U value is lower (0.32), showing that more of the variation of the HI is explained by 
the predictor variables than in the high salinity category. 
6.4.5 (c) In the Four Major Formations 
Multiple regression was carried out separately for the four formations (Bearreraig 
Sandstone, Lealt Shales, Duntulm, and Staffin Bay); however, due to the existence of 
multicollinearity the correlation of HI and optical parameters in the Staffin Bay 
Formation could only be carried out using simple cross plots. 
The multiple R values in all three analyses show that there is a positive relationship 
between the independent and dependant variables (Table 6.9a), and in the Bearreraig 
Sandstone Formation this relationship is near perfect (multiple R=0.99). The r2 values 
in the Bearreraig Sandstone and Lealt Shales formations analyses are both greater than 
0.9 showing a good explanatory power for the regression equations and good 
prediction of the HI (particularly in the former formation where r2 = 0.99). In the 
Duntulm Formation the lower r2 value suggests that there is significant variation in the 
HI that is not explained by the regression equation. The significance of F values show 
that the Bearreraig and Lealt formation regression equations are significant at the 99% 




Salinity High Low Salinity High Low 
Multiple R 0.6709 0.9482 N 18 15 
RS uare 0.4500 0.8990 Mean HI 190 368 
'usted R Square 0.1200 0.7475 Std dev 116 231 
ifi cance of F 
Pn 
0.3163 0.0532 Range 63-458 39-810 
b) 
M salinity Low salinity 
Variable Beta value Significance of T Beta value Significance of T 
Brown: black 0.3561 0.2461 0.1472 0.7273 
ratio 
Palynomorphs/ - 0.2406 0.5619 0.0777 0.1624 
kerogen 
Botryococcus/ 0.4948 0.1183 0.5113 0.4479 
al omo hs 
Fluorescence 0.0425 0.8941 - 0.4529 0.4347 
level 
Cuticle/ -0.0877 0.8128 -0.2089 0.4312 
h oclasts 
A01VV 0.0022 0.9961 1.6013 0.0615 
kero en 
Table 6.8. Results of the multiple regression analysis of hydrogen index and optical 
data for the high and low salinity environments (defined in text). The three highest 










Fig. 6.43. Path analysis diagram for the high salinity environments. Key in Fig. 6.42. 




Examination of Table 6.9b shows that in the Bearreraig Sandstone Formation 
palynomorphs and Botryococcus are the only two variables which do` not`1have a 
significant effect on the HI; the most important two variables are the brown: black 
wood ratio and cuticle. In the Lealt Shales Formation the beta and significance of T 
values suggest that the most important variable is AOM, followed by the brown: black 
ratio; the very low beta value for Botryococcus suggests that this variable is having 
little effect on the HI, but the significance of T values are somewhat increased 
throughout this analysis suggesting that there is potential for the effects observed on 
the HI to be chance occurrences. In the Duntulm Formation the beta. values are 
markedly increased (and the significance of T values particularly low) for cuticle and 
Botryococcus suggesting that these variables have the greatest effect on the M. 
The path analysis diagrams show that in the Bearreraig Sandstone Formation (Fig. 
6.45) the brown: black wood ratio and cuticle are having the greatest causal effect on 
the HI,. but there are also significant contributions from AOM and fluorescence. The 
correlations between the variables are generally low (< ± 0.5), particularly between the 
two most important variables (- 0.2), suggesting that there are few problems with 
collinearity in the analysis. The U value of 0.11 is the lowest seen in any of the 
analyses, suggesting that there is little variation in the standard deviation of the HI that 
is not explained by the independent variables. The U value in the Lealt Shales 
Formation analysis (Fig. 6.46) is ca. three times this figure, suggesting that in this case 
there is variation about the mean HI that is not explained by the independent variables. 
Of these, AOM has the greatest causal effect on the HI, with significant contributions 
also from the brown: black ratio and fluorescence level. In this formation the 
correlations between the variables are somewhat higher than in the Bearreraig 
Sandstone Formation with values of up to - 0.8 (AOM and palynomorphs); the highest 
correlation occurs between AOM and fluorescence (0.5). These two variables are 
correlated at a similar level in the Duntulm Formation (Fig. 6.47), where there is also a 
correlation of 0.5 between the two variables that are having the greatest causal effect 
on the HI (cuticle and Botryococcus); there is also a contribution at a lower level from 
AOM. In this case the U value of 0.5 shows that a significant proportion of the 
variation of the HI is not explained by the independent variables. 
266 
a) 
Unit Bearreraig Sst. Fm. Lealt Shales Fm. Duntulm Fm 
Multiple R 0.9936 0.9500 0.8138 
R Square 0.9872 0.9026 0.6622 
Adjusted R Square 0.9616 0.7856 0.3570 
Si cance of F 0.0062 0.0202 0.3032 
Number of samples 18 13 13 
Mean HI 166 252 159 
Standard deviation 126 131 113 
Range 36-460 93-469 39-350 
b) 
Bearreraig Sst. Lealt Shales Duntulm 
Formation Formation Formation 
Variable Beta Sig. T Beta Sig. T Beta Sig. T. 
value value value 
AOM/ -0.2722 0.0933 0.8584 0.3760 -0.5717 0.3223 - 
kero en 
Palynomorphs/ -0.1040 0.3960 0.2903 0.9822 0.1767 0.9744 
kero en 
Cuticle/ 0.5670 0.0103 -0.1060 0.5692 -7.4230 0.0623_ 
phytoclasts 
Brown: black 0.7021 0.0077 -0.3875 0.3606 0.2003 0.5799 
ratio 
Botryococcusl -0.1290 0.2044 - 0.0252 0.9711 6.8624 0.0773 
al omo hs 1,1 
Fluorescence 0.3247 0.0402 0.2592 0.5513 - 0.0927 0.8093 
level 
Sig. T= significance of T value 
Table 6.9. Results of the multiple regression analysis of hydrogen index and optical 
data in the Bearreraig, Lealt, and Duntulm formations. The three highest beta values 
in each analysis are underlined 
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Fig. 6.45. Path analysis diagram for the Bearreraig Sandstone Formation. Key as for 
Fig. 6.42. 
















Fig. 6.46. Path analysis diagram for the Lealt Shales Formation. Key as for Fig. 6.42. 
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Fig. 6.47. Path analysis diagram for the Duntulm Formation. Key as for Fig. 6.42. 
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In the Staffin Bay Formation simple cross plots of the variables entered into the 
multiple regression with the HI values (Figs. 6.48 to 6.50) have revealed significant 
positive correlations with AOM (r2 = 0.4, significant at the 88% level), Botryococcus 
(r2 = 0.8, significant at the 99% level), and fluorescence (r2 = 0.5, significant at the 
94% level). A simple ranking of these coefficients of determination shows that 
Botryococcus has the strongest correlation with the HI followed by the kerogen 
fluorescence level. 
Comparison 
The best r2 value occurs in the Bearreraig Sandstone Formation (0.99); other analyses 
where prediction of the HI should be good are the Lealt Shales Formation and the low 
salinity environments (r2 = 0.9). These have been tested in section 6.4.5 (d). The three 
variables which have the greatest causal effect on the HI in each case are shown in 
Table 6.10. 
The independent variables which occur most regularly are 
Botryococcus and AOM (both 5), and the brown: black wood ratio (4), these are 
presumably the variables which are best correlated with the HI in the majority of 
situations. It is interesting to note that Botiyococcus is the primary variable in the high 
salinity environments analysis, suggesting that it is important even -when it is only 
present in low abundances, although it is possibly some other correlated variable that 
may provide the causal link. However, Botryococcus does not show any effect on the 
HI in the Lealt Shales Formation where it is at its most abundant, perhaps due to 
correlation with other variables in the equation (e. g. palynomorphs of kerogen). 
presumably some variables do not come out as important because in specific sample 
sets they do not show much variation. Obviously in other cases, these variables may be 


















Fig. 6.48. Crossplot of the percentage AOM of kerogen and hydrogen index in the 















Rsq = 0.5339 

















Rsq = 0.7921 
Fig. 6.50. Crossplot of the percentage Botryococcus (of palynomorphs) and hydrogen 
index in the Staffin Bay Formation. 
Primary Secondary Tertiary 
variable variable variable 
Whole dataset AOM/ Brown: black Botryococcus/ 
kerogen wood ratio palynomorphs 
'High' salinity Botryococcus/ Brown: black Palynomorphs/ 
environments al omo hs wood ratio kerogen 
'Low ' salinity AOM/ Botryococcusl Fluorescence 
environments kerogen al omo hs level 
Bearreraig Sandstone Brown: black Cuticle/ Fluorescence 
Formation wood ratio phytoclasts level 
Lealt Shales AOM/ Brown: black Palynomorphs/ 
Formation kerogen wood ratio kernen 
Domalm Cuticle/ Botryococcus/ AOM/ 
Formation phytoclasts al omo hs kerogen 
Staffin Bay Botryococcus/ Fluorescence. AOM/ 
Formation* palynomorphs level kerogen 
* Variables derives rrom cross-plots not miuupie regression 
Table 6.10. The three best variables for predicting hydrogen index derived from each 




6.4.5 (d) Predicted versus Measured Hydrogen Index 
The regression equations shown in Table 6.11 have been used to calculate a predicted 
HI value so that this could be compared with the measured HI. Figure 6.51 shows that 
in the whole dataset the correlation between the two values is relatively good (r 0.5), 
particularly given the low coefficient of determination (r2 = 0.4) derived from this 
multiple regression. The predicted HI is most different in the Kilmaluag Formation 
where the measured HI is 700-800 and the predicted HI is ca. 200. There are also 
significant differences in the Upper Ostrea Member samples where the predicted HI is 
also underestimated. These underestimates may be due to the measured HI values 
falling outside one standard deviation around the regression line, as by definition, the 
multiple regression equation only predicts within this range. In the, Bearreraig 
Sandstone Formation the predicted HI shows a very good (r = 0.95) correlation with 
the measured HI (Fig. 6.52); this is not surprising given the very good coefficient of 
determination derived from this multiple regression (r2 = 0.99). 
The predicted HI values are very different to the measured data in the case of the other 
formations. This is slightly surprising in the Lealt Shales Formation where the r2 value 
is high (0.9), and may be due to the relatively low significance levels of the 
independent variables in this equation (high significance of T values). The `low 
predictive power of this analysis may cast doubt on the significance of the beta values 
used to measure the relative effect of each independent variable on the HI. 
The whole dataset regression equation has been used on all the samples (including 
those for which the HI was not measured) in order to create predicted HI values for . 
the whole dataset. The mean predicted HI is 174, some 50 (29%) less than the mean of 
the measured values. This is possibly due to the poor prediction of high values shown 
in Fig. 6.51, but also because of the effect of coarser grained sediments which have 
low predicted HI values (Table 6.12). Figures 6.53 and 6.54 show the mean predicted 
HI in each formation and environment category; they show a similar pattern to the, 
measured HI means, but the HI values for the Kilmaluag and Staffn Bay formations 
have been reduced, the latter probably due to the influence of the coarse grained 
samples from the Belemnite Sands Member. This has also resulted in a lowered. 
predicted HI in the freshwater environment category, which was dominated by 
Kilmaluag Formation samples in the measured HI means; this is not the case using the 
whole dataset. 
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Whole dataset (r2 = 0.4) 
Y =- 84.9 + 2.3(AOM) + 1.2(Tpaly) + 1.1(Cu/Tphy) + 9.9(Bro/blk) + 3.5(Botlrpaly+ 23.3(Fluor) 
High salinity environments (r2 = 0.5) 
Y= 126.3 + 0. O(AOM) +-2.6(Tpaly) +-5.3(Cu/Tphy) + 10.5(Bro/blk) + 9.7(BotlTpaly) + 
5.0(Fluor) 
Low salinity environments (r2 = 0.9) 
Y= 25.7 + 7.3(AOM) + 7.0(Tpaly) +-3.7(Cu rphy) + 20.4(Bro/blk) + 3.5(Bot/Tpaly) + 
-76.2(Fluor) 
Bearreraig Sandstone Formation (r2 = 0.99) 
Y=- 28.6 +-2.3(AOM) +-8. O(Tpaly) + 5.4(Cu/Tphy) + 10.0(Bro/blk) + -100.4(Bot/Tpaly) + 
42.2(Fluor) 
Lealt Shales Formation (r2 = 0.9) 
Y=7.3 + 3.9(AOM) + 2.3(Tpaly) + -1.7(Cu/Tphy) +- 38.8(Bro/blk) +-0.1(Bot/Tpaly) + 
43.3(Fluor) 
Duntulm Formation (r2 = 0.7) 
Y= 208.6 +-2.7(AOM) + 0.2(Tpaly) + -569.1(Cu/Tphy) + 5.2(Bro/blk) + 204.4(Bot/Tpaly) +- 
9.6(Fluor) 
Table 6.11. Regression equations derived from multiple regression analyses (the 
constant and regression coefficients are only shown to 1 decimal place, but the 
predicted hydrogen index was calculated using values with 6 decimal places). 
Gross lithology Mean predicted HI Std. dev. 
Shales 190 83 
Silts 170 84 
Sands 85 76 
Limestones 170 88 
Table 6.12. Mean predicted hydrogen index for each gross lithology category, 
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Fig. 6.52. Plot of measured and predicted hydrogen index in the Bearreraig 
Sandstone Formation. 
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Fig. 6.54. Mean predicted hydrogen index in each environment category (cf. Fig. 
6.34). 
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6.5 Organic Facies 
6.5.1 Parameter Values in each Organic Facies 
The samples were placed into the different organic facies using the measured, 
Hydrogen Index ranges shown in Table 6.3. Figure 6.55 shows that all the organic 
facies of Jones (1987) are present in the Middle Jurassic sediments studied apart from , - 
the most oil-prone facies (A). The mean organic facies is C, the modal facies is CD 
(18/57), and the majority of samples fall into the range CD-BC; sample numbers in the 
other facies present are less than five in each. 
The percentage AOM of kerogen (Fig. 6.56) shows a progressive relative increase of 
285% from facies D to AB, and there is a consequent decrease in the mean percentage 
phytoclasts of kerogen. The percentage of palynomorphs is below 20% in all the 
organic facies, but it is particularly low in facies AB and B. The mean fluorescence 
level of the kerogen (Fig. 6.57) shows a similar pattern to AOM, increasing by 66% in 
relative terms between facies D and facies AB. Within the phytoclast fraction the 
brown: black wood ratio shows a 75% relative increase from organic facies D, to C 
(4.0-7.0) and remains high in facies BC; this ratio then shows a progressive relative 
decrease of 77% to its minimum value in organic facies AB (1.6). The phytoclast 
preservation index (PPI) is similar (5.2-5.7) throughout, apart from in facies AB where 
the maximum PPI value of 6.5 is found. The mean TOC values (Fig. 6.58) increase 
progressively by 140% in relative terms from 1.5% in facies D to 3.6% in B; in the 
most oil-prone facies seen (AB) the mean TOC is 2.4%. This facies is characterised by 
the lowest mean phytoc value (0.4); higher phytoc values are found in the other facies, 
particularly BC and B, where they exceed 1.0. The mean S2 values show a progressive 
increase from organic facies D to AB, but the increase from B to AB is only slight, 
suggesting that these two facies have similar petroleum generating potential. Facies 
AB, B, and BC have mean S2 values of greater than 10 mg/g rock showing that they 
have excellent petroleum generating potential sensu Peters (1986). 
Examination of the characteristics of the samples within organic facies C shows that, 
there is only one sample (LBT 12) which is dominated by oxidised AOM as opposed 
to phytoclasts. This sample contains 80% AOM which is completely non-fluorescent 
(fluorescence preservation scale point 1), and is also characterised by a low, 
brown: black wood ratio (1.5). The organic facies C also includes another sample 
(LOD 1 *), which has a relatively high AOM content (64%), but in this case the AOM is 
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D CD C BC B AB 
Organic facies 
Fig. 6.56. Mean percentages of the three major kerogen groups in each organic facies 
unit of the whole dataset. 
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D CD C BC B AB 
Organic facies 
Fig. 6.57. Mean values of some kerogen preservation parameters in each organic 
facies unit of the whole dataset. 
-TOC% 
PHNOC 
0 S2 (mg/® rock) 
D CD C BC B AB 
Organic facies 
Fig. 6.58. Mean values of some geochemical parameters in each organic fades unit 
of the whole dataset. The dashed horizontal line at 10 on the value axis represents the 
lower S2 boundary for excellent petroleum potential sensu Peters (1986). 
evidence. This sample is also characterised by a relatively low Tma value (421°C) 
suggesting an Ro value of significantly less than 0.5, whilst those samples within 
organic facies B and AB have suggested Ro values of greater than 0.5 (TAX >430°C). 
6.5.2 Organic Facies and Gross Lithology 
Figure 6.59 shows that there is a progressive decrease in the mean organic facies from 
C/BC in the shales to CD in the sands; there is a similar decrease in the maximum (= 
most oil-prone) organic facies from AB in the shales, to B in the silts, and finally to CD 
in the sands. There is only one sample in the limestones, and this falls into organic 
facies C. 
6.5.3 The Effect of Dominant Lithology 
This was carried out using the gross lithology and gross dominant lithology 
classification (cf. Chapter 4.0). The mean organic facies falls from C/BC in the 'shales 
in shales' category to CD in the 'shales in sands' (Fig. 6.60). There is also a decrease in 
the maximum and range of organic facies found in the 'shales in sands' category 
(although the latter may be due to the lower sample numbers) compared to the 'shales 
in shales'. 
6 5.4 The Effect of Shale Characteristics 
The following analyses were carried out on shale lithology samples only. 
Colour 
Where sample numbers are significant (Fig. 6.61) there is a decrease in the mean and 
maximum organic facies from BC and B in the black/grey black category to CD and C 
in the dark grey category; in the other categories with significant sample numbers there 














Shales (N = 48) Sifts (N = 4) Sands (N = 3) Limestones (N = 1) 
Gross Iithology 
Fig. 6.59. Organic facies in each gross lithology category of the whole dataset. (N = 
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Shales in shales (N " 39) Shales in sands (N - 12) 
Fig. 6.60. The effect of dominant lithology on organic facies in the shale gross 
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Fig. 6.61. Organic fades in each shale colour category of the whole dataset. (N = 
number of cases). 
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Bioturbation 
When the shale is bioturbated the mean and maximum organic facies both decrease to 
CD compared to C/BC and B respectively in the non-bioturbated shales (Fig. 6.62); 
the minimum facies is CD in the latter, suggesting that poorly preserved refractory 
organic matter can also be dominant in non-bioturbated shale. This presumably reflects 
the nature and relative magnitude of the original organic matter inputs. 
Shale Type 
The organic facies data shows no real relationship with shale type, apart from the fact 
that the maximum organic facies is present in the bituminous shales category. 
6.5.5 Stratigraphic Trends in Organic Facies 
Between the units 
In the Bearreraig Sandstone Formation source rock quality is highest in the Dun Caan 
Shales (organic facies C) and ? Garantiana Clay (organic facies BC) (Fig. 6.63). The 
organic facies in the Udaim Shales Member, which forms the base of the second 
regressive (coarsening-upwards) cycle in the Bearreraig Sandstone Formation, is D. In 
the uppermost part of the second regressive cycle (Rigg Sandstone Member) the 
organic facies changes to CD. In the lower part of the Great Estuarine Group the mean 
organic facies is C, becoming BC only in the Lonfeam Member of the Lealt Shales 
Formation. The best source rock quality seen (organic facies AB) is found in the 
Kilmaluag Formation. 
Within the formations 
Within the Bearreraig Sandstone Formation the lower and middle part of the Dun Caan 
Shales Member (proximal-distal unit 1) shows a variable organic facies that is never 
less than C, with a maximum of B (Fig. 6.64). In the upper more distal (proximal-distal 
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Fig. 6.62. Organic facies for bioturbated and non-bioturbated shales, whole dataset. 
(N = number of cases). 
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Fig. 6.63. Mean organic facies in each unit of the Middle Jurassic succession. 





Fig. 6.64. Stratigraphic variation in organic facies in the Dun Caan Shales Member 
of the Bearreraig Sandstone Formation. 
286 
D CD C' BC B AB 
Within the Lealt Shales Formation (Fig. 6.65) the organic facies in the Kildonnan 
Member varies between CD and BC; the change from CD to BC in the lower part of 
the section (KE40) correlates with a change in environment category from freshwater- 
brackish to freshwater. In the upper part of this section the change in organic facies 
from C to BC correlates with a change in environment from marine-brackish- to 
freshwater-brackish. The organic facies in the Lonfeam Member varies between C and 
B; at the top of this member the change from C to B correlates with a change in 
environment from freshwater-brackish to brackish. 
In the Duntulm Formation composite type section (Fig. 6.66) there is also correlation 
between changes in environment and organic facies, but they do not all exhibit the 
same relationship. The changes in organic facies at samples CGD52 and LOD1* (from 
BC-CD and C-CD respectively) are correlated with increases in the salinity of the 
environment. The increase in organic facies at the start of the section (from CD to BC) 
correlates with a decrease in the salinity of the environment (marine-hypersaline to 
marine-brackish). Conversely, at the top of the section, there is a decrease in organic 
facies (from CD to D) where the environment changes from marine-hypersaline to 
freshwater-brackish. 
Some of the organic facies changes in the Staffin Bay Formation type section (Fig. 
6.67) show a correlation with changes in lithofacies and member; the decline in organic 
facies quality which begins at sample UOB36 correlates with the change from the 
argillaceous Upper Ostrea Member to the sand-dominated Belemnite Sands Member, 
which is also a change from the bituminous shales to argillaceous sands lithofacies. The 
continued decline in organic facies quality (from CD to D) correlates with a change in 
lithofacies from the argillaceous sands to the muddy silts which mark the top of the 
member. 
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Fig. 6.65. Stratigraphic variation in organic facies in the Lealt Shales Formation. 
---------- -------------- 
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Environment Organic facies 
Environment MHs MB B FB FW 
Fig. 6.66. Stratigraphic variation in organic facies in the Duntulm Formation. 
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clay-Lst shales arg. Sst. silts 
Fig. 6.67. Stratigraphic variations in organic facies in the Staffin Bay Formation. 
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I Organic facies Lithofacies 
6.5.6 Environment and Salinity 
Within the environment classification of the whole dataset (Fig. 6.68) the most oil- 
prone organic facies are found in the freshwater environment category (mean organic 
facies B, maximum AB) and there is a progressive increase in organic facies type from 
the brackish category to freshwater categories. The nature of the organic facies in the 
freshwater-brackish and marine-brackish environments is similar: both show a mean 
facies of C/BC and a maximum of B (Figs. 6.69 & 6.70). 
In terms of the ostracod-salinity classification of the Lealt Shales Formation there is a 
progressive increase in the mean and maximum organic facies from CD/C and C in the 
pliohaline category, to BC/C and B in the freshwater-miohaline samples. 
6.6 Summary 
The highest TOC, fluorescence, hydrogen index, and organic facies values have been 
shown to occur in the shales gross lithology category, although the dominant organic 
matter type can affect where the highest TOC values are found. Comparison of the j 
shales from different dominant lithologies has shown that 'shales in sands' have reduced 
maximum (and in some cases mean) TOC values, and increased mean phytoc values. 
They also show decreased fluorescence levels (again the maximum values seem to be 
effected more than the means), and decreased hydrogen indices (and therefore organic 
facies). Examination of shale characteristics has revealed that highest TOC values and 
hydrogen indices (also organic facies) are associated with the black or the darkest 
coloured, non-bioturbated, bituminous shales. Bioturbation levels also influence 
fluorescence values. 
The highest TOC values are found in parts of the Bearreraig Sandstone Formation 
(Dun Caan Shales and ? Garantiana Clay members), and in the Lealt Shales and Staffin 
Bay Formations; these are also the units where TOC values are correlated with AOM 
percentages, suggesting a potential preservational control on TOC. The highest 
hydrogen index and organic facies values are found in the Kilmaluag Formation (AB), 
and Dun Caan Shales and ? Garantiana Clay members, and Lealt and Stalin Bay 
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Fig. 6.68. Organic facies in each environment category of the whole dataset. (N = 
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Fig. 6.69. Frequency histogram of the distribution of organic facies in the marine- 
brackish environments, whole dataset. 
292 















Std. Dev = 1.21 
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N=11 
Fig. 6.70. Frequency histogram of organic facies distribution in the freshwater- 
brackish environments, whole dataset. 
293 
D CL C BC B 
Organic facies 
Within the environment and ostracod-salinity classifications there is an increase in both 
TOC and HI (and also organic facies) values from more marine to more freshwater 
salinities; this is particularly marked in the Lealt Shales and Duntulm Formations. 
There is a good general positive correlation between fluorescence level and AOM 
percentages, and hydrogen index values (and organic facies) in the whole dataset and 
in each of the four major formations. 
Comparison of measured and calculated (S2-TOC) hydrogen index values suggests 
that the former hydrogen index values can be underestimated, sometimes by more than 
a factor of two. Multiple regression suggests that the percentage AOM of kerogen, the 
percentage Botryococcus of palynomorphs, and the brown: black wood ratio are the 
variables from the optical data which have most direct or indirect influence on the 
hydrogen index; in the higher salinity environments the brown: black ratio and 
Botryococcus are suggested as having the most influence, whilst in the lower salinity 
facies AOM is suggested as having the greatest influence on the hydrogen index. 
Comparison of measured and predicted hydrogen index shows that there can be a 
reasonable correlation between the two even when r2 values are relatively low, but that 
high r2 values do not necessarily imply good prediction of the hydrogen index. 
Division into organic facies based on changes in the hydrogen index shows a good 
correlation of the optical and geochemical parameters in each facies, and of both of 
these with the expected characteristics shown in Table 6.3. The petroleum generating 
potential of facies AB and B is shown to be similar; these and facies BC have excellent 
hydrocarbon generating potential sensu Peters (1986). Eighteen of the fifty seven 
samples (32%) analysed have good-excellent potential. 
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CHAPTER 7.0 
THE PHYTOCLAST PRESERVATION INDEX 
7.0 THE PHYTOCLAST PRESERVATION INDEX (PPI) 
7.1 Introduction and Method 
A phytoclast preservation index (PPI) has been calculated using the degradation 
pathway shown in Table 2.9. This index is conceptually similar to that defined in Hart 
(1986), examples of the use of which are given in Gregory and Hart (1990) and Pasley 
et al. (1991). The PPI has been calculated by assigning each phytoclast type a number 
("score") between 1 and 10 based on its perceived resistance to degradation: 1 
represents the least refractory, undegraded phytoclast types, and 10 the most 
refractory material (Table 7.1). Membranes have not been included in the index as the 
origin of this particle type is uncertain (e. g. Tuweni & Tyson, 1994). 
The index was calculated by taking the percentage of each type of total phytoclasts (in 
this case only the total of those phytoclast types included in the calculation of the 
index), dividing this by 100, then multiplying the product by its "score" and summing 
the results for all six phytoclast types: 
Phytoclast preservation index = E((%phytoclast type/total phytoclasts)/l00) x "score" 
(where E= sum of) 
A low PPI represents a predominance of 'fresh' undegraded phytoclasts and identifiable 
higher plant remains (cuticle) over degraded and refractory material; a moderate index 
suggests an equal abundance of phytoclast types; a high index level occurs when 
refractory phytoclasts dominate (the maximum possible index, 10, represents 100% 
black wood). Therefore, the index should increase from proximal to distal settings. 
7.2 Results 
7.2.1 General Features 
The mean value of the phytoclast preservation index (PPI) in the whole dataset is 5.6; 
it ranges from 4.0 to 9.6, but the standard deviation of f 0.7 shows that most of the 
samples have values of between 4.9 and 6.3, a variation of only ± 12% in relative 
terms. Figure 7.1 shows the range of PPI values in the whole dataset cross-plotted 
against the percentage AOM of kerogen and the fluorescence level. In samples which 
plot in the top part of the figure, where AOM values are z40% and fluorescence levels 
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"Score" Phytoclast type 
2 Undegraded non-bio structured brown 
3 Cuticle 
5 Degraded (corroded and pseudoamorphous) non-biostractured brown 
6 Combined striate and striped biostructured brown 
8 Combined banded and pitted biostractured brown 
10 Black 
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Fig. 7.1. Phytoclast preservation index (PPI) and percentage AOM/fluorescence 
for 
the whole dataset. 
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are 4 or 5, it is suggested that any degradation undergone by the phytoclast assemblage 
is unlikely to have occurred post-depositionally, as the in situ preservation of 
autochthonous organic' matter is good. Therefore, those samples in this part of the 
diagram which have a high PPI are likely to have been produced by preferential sorting 
(transport) of black wood and banded and pitted biostructured brown wood and their 
relative greater delivery to distal settings. Conversely, in the samples in, the lower 
(more oxic) part of the figure there is potential for post-depositional degradation of 
allochthonous organic matter to add to that that has taken place at source or during 
transport; the greatest range of PPI values occurs in this part of the diagram, due 
mainly to the presence of samples enriched in refractory phytoclast elements. 
7.2.2 Formation Trends 
The mean PPI increases through the three regressive cycles in the Great Estuarine 
Group (Cullaidh Shale-Elgol Sandstone, Lealt Shales-Valtos Sandstone, Duntuim 
Kilmaluag-Skudiburgh formations). Although the increases through the two lower 
cycles are only slight (relative increases of 2% and 4% respectively), there is a relative 
increase of 50% through the upper cycle. At the top of the Middle Jurassic sequence 
there is a relative decrease of 43% in the mean PPI over the transgressive Skudiburgh 
to Staffin Bay Formation transition (Fig. 7.2). 
7.2.3 Lithological Trends 
7.2.3 (a) Gross Lithology 
The mean PPI is similar in the shales and silts categories, but is increased by 9% and 
13% relative to the shales in the sands and limestones respectively (Fig. 7.3). 
7.2.3 (b) Sample Lithology 
Figure 7.4 shows that within the whole dataset the mean PPI values are very similar in 
the shale, silty shale and shaley silt categories (less than 2% variation relative to shale); 
there are differences in the silt and sandy silt categories but sample numbers are too 
low to be significant. The mean PPI values are the same in the argillaceous and silty 
sands (11% increased relative to shale), but in the clean sands category the value is 
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Fig. 7.2. Mean phytoclast preservation index (PPI) in each formation examined (N = 












Shales Silts Sands Limestones 
Fig. 7.3. Boxplot of the distribution ofphytoclast preservation index (PPI) values in', 
each gross lithology category of the whole dataset. Each box contains all samples ; Ii 
within the upper and lower quartiles (25 & 75%); the whisker lines contain the total. 
range (excluding outliers); the thick black line in the box represents the mean value. 




Silty Silt Silty Clean Shaley Sandy Clay 
shale Sst. Sst. Lst. shale mud 
Fig. 7.4. Mean phytoclast preservation index (PPI) in each sample lithology category 
in the whole dataset. The number at the top of each bar is the number of samples in 
that category. 
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Shale Shaley Sandy Arg. 
Lst. Arg. Shaley silt silt Sst. Lst. Sst. 
Duntulm Formation 'freshwater intercalation') contains the maximum mean PPI value, 
with an 18% increase relative to shale. 
In general, the phytoclast assemblage appears to more refractory in distal carbonates 
and in coarser siliciclastics. In the former case little fresh phytoclast material is 
supplied, in the latter relatively large amounts of degraded material are supplied, or 
oxidised post-depositionally (although the latter is not likely except in fluvial 
sandstones). The larger amounts of refractory material present in the sands probably 
also partly reflects hydrodynamic equivalence effects. 
The different dominant lithologies do not have any discernible effect on the sample 
lithology PPI values. 
7.2.4 Environment and Salinity Trends 
Within the environment classification of the whole dataset (Fig. 7.5) the maximum 
mean PPI occurs in the mudflat-alluvial category (containing all the samples from the 
Skudiburgh Formation), where atmospheric exposure and wet and dry cycles, which 
are both known to speed up degradation greatly, are likely to have been experienced. 
The lowest mean PPI is found in the marine "bar" category (which contains all the 
samples from the Belemnite Sands Member of the Stain Bay Formation). The mean 
PPI decreases progressively by 9% (relative) overall from the marine-hypersaline to the 
brackish category; it then shows a progressive relative increase to the freshwater 
category of 15%, most (11%) of this occurring over the change from brackish to 
freshwater-brackish. This is possibly due to the coarser grained nature of , _the 
lithologies in these categories. However, this pattern is not entirely due to differences 
in lithology as a similar pattern emerges when only the shaley lithologies are included 
in the analysis (Fig. 7.6). This suggests that the relatively high PPI seen in the marine- 
hypersaline category may reflect a 'distal' refractory phytoclast assemblage, whilst the 
high PPI values found in the fresh-brackish and freshwater categories may reflect 
increased input and oxidation of degraded phytoclasts. This appears unlikely to be the 
case in the freshwater category which is dominated by restricted lacustrine Kilmaluag 
Formation samples which are rich in refractory black and biostructured brown wood 
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Fig. 7.5. Boxplot of the distribution of phytoclast preservation index (PPI) values in 
each environment category of the whole dataset. Key to definitions in Fig. 7.3, key to 




Fig. 7.6. Mean phytoclast preservation index (PPI) in each environment category. 




OM Bar Ano MHs MB B FB FW 
Environment 
Within the three main 'lagoonal' formations (Lealt, Duntulm and Staffin Bay) the mean 
PPI in the marjne-brackish category shows considerable variation, and is notably lower 
in the Staffin Bay Formation (Fig. 7.7). In the freshwater-brackish category the 
Duntuim Formation PPI is 12% higher relative to the Lealt Shales; there is a similar 
9% relative increase in the freshwater category, which is potentially due to the coarser 
grained lithologies present in the fresh-brackish category of the Duntulm Formation. 
As the freshwater Duntulm category is dominated by clay-mudstone lithology samples 
its high PPI may be due to slow sedimentation under oxic conditions. The Lealt Shales 
Formation also shows an increasing PPI in the more freshwater environments, as seen 
in the whole dataset; in this case it may be due to the occurrence of carbonate- 
dominated lithologies and sequences (e. g. 
sedimentation under low runoff conditions. 
Lonfearn Member) which clearly reflect 
Figure 7.8 shows that in the Lealt Shales Formation the in situ preservation potential 
(determined by fluorescence) is generally higher in the freshwater and freshwater- 
brackish than marine-brackish categories, suggesting that the PPI values in the former 
two categories are more likely to be the result of degradation taking place at source 
or 
during transport, whilst in the latter category there is potential for post-depositional 
degradation of organic matter. Conversely, Figure 7.9 shows that in the Duntulm 
Formation the largest potential for in situ degradation occurs in the freshwater- 
brackish category, whilst the marine-brackish samples generally have the best in situ 
preservation potential; therefore, the relatively increased PPI values seen in; : the 
freshwater-brackish category are likely to be the result of the potential for degradation 
to take place at source, during transport and at the site of deposition (again probably 
due to the differences in lithology between the two categories). 
In terms of the ostracod-salinity classification, the mean PPI of the Lealt Shales 
Formation decreases progressively by 7% in relative terms from the most freshwater to 
the most marine category (Fig. 7.10). 
7.2.5 Proximal-Distal Trends 
Within the most distal category of the Dun Caan Shales Member the mean PPI is 6% 
higher relative to the more proximal category. This may be due to lowered in situ 
preservation potential (based on fluorescence) in the distal unit allowing increased 
post-depositional degradation compared to the majority of samples in the 
more 
proximal category (Fig. 7.11); in more distal settings sorting also tends to produce 
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Fig. 7.7. Boxplot of the distribution of phytoclast preservation index (PPI) values in 
the environment categories of the three major lagoonal formations. Key to definitions 
in Fig. 7.3, key to abbreviations in Table 7.2. The supratidal category (SpT) only 
occurs in the Duntulm Formation. 
Environment Abbreviation 
en marine OM 
Bar Bar 
Anoxic basin Ano 
Supra-tidal SpT 






Table 7.2. Environment classification and abbreviations. 
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Fig. 7.10. Boxplot ofphytoclast preservation index (PPI) value distribution relative to 
the ostracod derived salinity classification of the Lealt Shales Formation. Key to 
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Phytociast preservation index 
Fig. 7.11. Phytoclast preservation index (PPI) and percentage AOM/fluorescence 
levels in the Dun Caan Shales Mbr. (Bearreraig Sst. Fm). The figure next to each 
point shows its proximal-distal category: 1 =proximal, 2= distal. 
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7.2.6 Litho-and Biofacies Trends 
7.2.6 (a) Duntulm Formation 
The dominant lithofacies, Praeexogyra limestone-shales, has a mean PPI of 5.6 which 
is similar to that in the sandstone lithofacies (Fig. 7.12). The maximum mean PPI is 
found in the argillaceous limestones and Unio-Neomiodon muds and sands lithofacies 
where it is 14% higher relative to the Praeexogyra limestone-shales lithofacies. The 
biofacies classification subdivides this lithofacies: the 'marine' biofacies has a mean PPI 
value that is 7% higher than the 'oyster shell bank' biofacies. The other biofacies mean 
values are the same as those in the related lithofacies. Figure 7.13 shows that in some 
cases the marine biofacies samples have lower potent'al for in situ preservation, 
suggesting that part of the increased PPI may be due to increased post-depositional 
degradation. In this case this cannot be attributed to lithological differences as these 
are comparable (shales and silty shales) in all the Praeexogyra limestone-shales 
lithofacies samples. 
7.2.6 (b) Staffin Bay Formation 
In the bituminous shales lithofacies the mean PPI is 5.0; the level in the argillaceous 
sands category is similar (Fig. 7.14). The minimum mean PPI (some 14% lower 
relative to the bituminous shales lithofacies) is found in the muddy sands lithofacies 
which marks the top of the formation. Conversely, the maximum PPI is found in the 
calcareous clay-limestone lithofacies which marks its base (8% increase relative to the 
bituminous shales). The mean PPI. of the 'Neomiodon and others' biofacies is very 
slightly (2% relative) lower than that found in the monotypic Neomiodon biofacies. 
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Fig. 7.12. Boxplot of phytoclast preservation index (PP1) values in each lithofacies of 
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Fig. 7.13. Fluorescence level and phytoclast preservation index of samples from the 
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Fig. 7.14. Boxplot of the distribution of phytoclast preservation index (PPJ) values in 
each lithofacies of the Staffin Bay Fm. Key to definitions in Fig. 7.3. 
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7.3 Brown Phytoclast Preservation 
7.3.1 Introduction 
The changes within the brown wood assemblage are important in determining the PPI 
value as components of this fraction make up the majority of the phytoclast types used 
in its calculation. The degradation states of the different groups (non-biostructured, 
biostructured, striate and striped combined, and banded and pitted combined) have 
been examined by crossplotting the log ratios of their undegraded: degraded fractions 
against other groups to try to determine if changes are occurring within, as well as 
between, phytoclast components, and whether these changes are consistent. 
7.3.2 Results and Discussion 
Figure 7.15 shows that there is significant variation in the degradation. state of both 
major brown wood groups in the whole dataset. There is a positive relationship (r2 = 
0.3) between the two ratios suggesting that changes in preservation state are 
reasonably consistent between the two groups, and there is a well defined trend of 
increasing undegraded (biostructured and non-biostructured) brown wood from the 
Bearreraig Sandstone, to Duntulm, to Lealt Shales, to Stain Bay formations. Most of 
the general trend reflects differences between formations, and only the Lealt Shales and 
Staffin Bay formations (especially the latter) show clear within formation trends, which 
is reflected in the stronger correlation (r2 = 0.5) when they are considered separately 
from the rest (Fig. 7.16). The Staffin Bay Formation is also clearly characterised by an 
increased abundance of undegraded brown wood. 
Within the biostructured wood categories (striate and striped combined, banded and 
pitted combined, latter not shown), there is no consistent variation with the non- 
biostructured brown wood -degradation state (Fig. 7.17), but again the four main 
formations are reasonably distinct. For example, the Staffin Bay Formation is 
characterised by at least 50% undegraded/non-biostructured brown wood, and 
dominantly degraded striate and striped material.. This could suggest that in this case 
the striate and striped material is reworked (it has survived because it is resistant), and 
has subsequently been added to 'newer', non-biostructured material. When the 
relationship between the striate + striped and banded + pitted particle types is 
examined (Fig. 7.18) there is a strong negative relationship between the two ratios; 
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Fig. 7.15. Crossplot of the degradation state of the biostructured vs. non- 
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Fig. 7.16. Crossplot of the degradation state of the biostructured vs. non- 
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Fig. 7,17. Grossplot of the degradation state of the non-biostructured vs. striate and 
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dp, F Log ratio undegraded: degraded banded and pitted biostructured brown wood 
Fig. 7.18. Crossplot of the degradation state of the striate and striped vs. banded and 
pited biostructured brown wood, whole dataset. 
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between undegraded banded and pitted particles and undegraded non-biostructured 
brown wood. This relationship may also be due to the more refractory (resistant) 
nature of the banded and pitted particles, meaning that they remain in an undegraded 
state, whilst the potentially less resistant striate and striped material become degraded, 
but this would not explain the correlation of degraded banded and pitted particles with 
undegraded striate and striped material This may suggest a difference in supply and 
transport histories of the two groups of particle types. 
7.4 Summary 
The PPI has proved useful in summarising the nature of the phytoclast assemblage 
within the various classifications examined; relatively high PPI values characterise 
carbonate and coarser grained siliciclastic sediments, and distal shales. However, the 
expected proximal to distal increase in PPI is often complicated by lithological and 
environmental (energy) effects, which have lead to PPI maxima occurring in both the 
most marine (= ? distal) and most freshwater (= ? proximal) environments. High PPI 
values in distal marine facies are likely to reflect extended exposure to degradation 
during transport over long distances combined with oxic conditions; in freshwater 
settings high PPI values are likely to be associated with environments that are 
relatively distal with respect to siliciclastic/fluvial source when carbonate-dominated, 
and those that are characterised by slow sedimentation. High PPI values can also be 
associated with sandstones reflecting higher energy and greater post-depositional 
oxidation, and perhaps also increased reworking. 
Combination of the PPI with kerogen fluorescence values has allowed the tentative 
estimation of the potential for degradation to take place at the site of deposition; high 
fluorescence levels combined with low PPI values suggesting that this process is not 
occurring. However, high PPI values can occur in distal facies where in situ 
preservation potential is also high. 
The main problem with the PPI in this dataset is that the magnitude of many of the 
observed changes are often quite small (mostly less than 10% and often less than 5% 
relative). This may suggest that in terms of its overall nature the phytoclast assemblage 
does not change much between the various units, or that in some the changes seen are 
only subtle due to the limited scale of the facies variation and proximal-distal gradient. 
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The detailed examination of the brown wood assemblage has shown that changes in 
the degradation state of both major categories (biostructured and non-biostructured) 
are reasonably consistent in the whole dataset, but more so in the Lealt and Staffin Bay 
formations. There is also a strong negative relationship between the two groups of 
biostructured brown wood suggesting that these two groups do not show consistent 
variation, possibly due to differences in their resistance to degradation or supply. 
Relationships between other categories are less strong, but do show that changes 
within the groups do take place and can be used to distinguish the formations, 
particularly the Staffin Bay Formation which seems to have a somewhat different 
brown wood assemblage to the rest (see also Chapter 10.0). 
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CHAPTER 8.0 
DISCRIMINANT FUNCTION AND CLUSTER 
ANALYSIS 
8.0 DISCRIMINANT FUNCTION AND CLUSTER ANALYSIS 
8.1 Discriminant Function Analysis (DFA) 
Discriminant function analysis (DFA) has been carried out on the whole dataset and on 
the four main formations sampled (Bearreraig Sandstone, Lealt Shales, Duntulm, and 
Staffin Bay) using a variety of dependent or categorical variables derived from the 
literature or the present study. Many of these variables are applicable to only one of the 
formations studied (e. g. the litho- and biofacies of the Duntulm Formation), but the 
environment classification of Hudson and Harris (1979) has been applied throughout. 
The objective has been to use the palynofacies data to discriminate between the 
categories of the dependent variables, and to provide a measure (= overall 
classification accuracy) of the control that these variables exert on the palynofacies 
assemblages. This has allowed: i) the comparison of results derived from applying the 
same dependent variable to different datasets, and ii) the comparison of the results of 
applying different dependent variables to the same dataset. The results of different runs 
have been compared using the 
.% 
better than proportional chance (Cprop) criterion. 
In the case of the majority of dependent variables, simultaneous DFA was carried out 
using just the variables derived from the kerogen counts (kerogen group variables), 
just the variables derived from the palynomorph counts (palynomorph group variables), 
and both variable groups combined (combined). Stepwise DFA (SDFA) was carried 
out using only the combined variables group. An introduction to DFA is provided in 
section 3.3; DFA has also been used in section 4.7 to help assess the effect of 
lithology. 
8.2 Dependent Variables and Different Datasets 
8.2.1 Formation 
Table 8.1 shows that in terms of overall classification accuracy the simultaneous 
combined variables run is most successful, followed by the kerogen, then the 
palynomorph run. The pattern shown by the individual categories (= formations) is 
generally similar to this, but in the Bearreraig Sandstone Formation the palynomorph 
variables group provides the best accuracy, suggesting that these variables are more 
distinct in this formation. The maximum difference between the accuracies of the 
kerogen and palynomorph runs is found in the Lealt Shales Formation, where kerogen 
314 
Formation Kerogen Pal omo h 'Combined Stepwise 
acc 1/ acc2 acc 1/ acc2 acc 1/ acct acc 1/ acc2 
Bearreraig Sst. 84 / 250 100 / 317 98 / 308 99 / 313 
Cullaidh Shale 100* 100* 100* 100* 
El olSst. 100/317 82/242 100/317 100/317 
Lealt Shales 89 / 271 61 / 154 91 / 279 86 / 300 
Valtos Sst. 71 / 196 100* 100* 100* 
Duntulm 78 / 225 70 / 192 88 / 267 88 / 267 
Kilmalua 80 / 233 50* 50* 50* 
Skudiburgh 100/317 na. na, na 
Staffn Bay 93 / 288 88 / 267 100 / 317 94 / 292 
Overall 85 / 254 79 / 229 94 / 292 92 / 283 
C ro 24 24 24 24 
* category contains less than 5 samples; na = category not present 
acct = represents the computed accuracy; acc2 = the relative % acct > Cprop 
Table 8.1. Percentage classification accuracies for the discrimination of the 
formations, all data. 
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variables are apparently far more distinct. In the Duntulm Formation there is a 42% 
increase in accuracy when the variable groups are combined, suggesting that the 
kerogen and palynomorph variables here show common trends: ` The highest 
classification accuracies are found in the Bearreraig and Elgol Sandstone, Skudiburgh, 
and Staffin Bay formations, indicating that these coarser grained units are more 
distinct; conversely, the finer grained Duntulm, Kilmaluag, ' and Lealt Shales formations 
show lower accuracies. 
The SDFA run provides a relatively high accuracy using 17 variables (Table 8.12); 
palynomorph variables represent 10 of these, including 7/10 of the variables with the 
highest Wilks' Lambda values. 
f 
8.2.2 Environment 
Table 8.2 shows the classification accuracies for the different environment categories 
based on the whole dataset (overall) and the individual formations. In both the whole 
dataset and 2/3rds of the formations the pattern shown by the overall classification 
accuracies is the same: combined > palynomorph > kerogen; in the Staffin Bay 
Formation the kerogen run shows the best overall accuracy, but this would seem to be 
generally the case in this formation (c£ section 8.3.5). This predominance of 
palynomorph over kerogen variables suggests that the former are better for 
discriminating environments. Within the individual environment categories the 
classification accuracies generally show the same pattern as the overall result; however, 
the marine-hypersaline, brackish, and fresh-brackish categories of the whole dataset, 
and the freshwater category in the Duntulm Formation, show that kerogen variables 
give a greater accuracy than the palynomorphs, suggesting that the former is more 
distinct in these cases. The fresh-brackish category shows the greatest increase in 
accuracy on combining the variable groups in the whole dataset and in 2/3rds of the 
formations, suggesting that the different variable groups integrate well in the definition 
of this category. The greatest difference in accuracy between the palynomorph and 
kerogen run occurs in the brackish category of the whole dataset (excluding the 
formation specific open marine environment), but in the three formations it is the 
marine-brackish category which shows the greatest difference. In the whole dataset the 
highest accuracies occur in formation specific environment categories (open marine = 
Bearreraig Sst. Fm., mudflat-alluvial = Skudiburgh Fm. ); examination of the average 
increases in the 'lagoonal' categories (marine-hypersaline to freshwater) suggests that 
the marine-hypersal. ine, brackish, and freshwater environments are the most distinct in 
terms of the palynofacies data. 
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Table 8.3 shows that the variables selected by SDFA in each analysis are not the same 
for the individual formations; this is particularly the case in the Stain Bay Formation 
where the variables are mostly from the kerogen group. There are two variables which 
appear in three out of four of the analyses: %marine plankton/palynomorphs and 
%dinocysts/marine plankton (both salinity indicators). These two variables presumably 
show systematic variation between the different environment categories in nearly all 
cases. Overall, 15/29 variables are from the palynomorph group, also in three out of 
the four analyses 3 of the top 5 variables come from the palynomorph variables group, 
suggesting that this group shows the most systematic variation with environment. Of 
the palynomorph variables selected, 10/15 are palaeosalinity indicators, and this pattern 
is also reflected in the occurrence of the %forams/kerogen twice. Most of these results 
are also expressed by Table 8.4, showing that in the Staffin Bay Formation the kerogen 
variables' contribute by far the most to discrimination, whereas in the Duntulm 
Formation this characteristic is reversed; this indicates that the whole dataset results 
are an average of differing characteristics between the individual formations. 
8.2.3 Member 
The overall accuracies show that in all the analyses there is a strong control, ie. the 
palynofacies assemblages of each member are relatively distinct (Table 8.5); this is 
particularly true for the Bearreraig Sandstone Formation because it has seven different 
members. In 2/3rds of the cases the kerogen run is the most successful, and in the third 
case there is little difference between the most successful combined run and the 
kerogen run; this suggests that the kerogen variables are most distinct in terms of the 
member subdivision. The palynomorph variables are indistinct in all the analyses, and 
there is also a lack of integration between the groups as combining the variables results 
in at most only a small increase in classification accuracy. 
The predominance of the kerogen group is also suggested by the stepwise variables 
(Table 8.6), 12/22 of which come from the kerogen group. The first variable chosen in 
each case comes from the kerogen assemblage and the kerogen variables dominate, 
apart from in the Staffin Bay Formation. The total Wilks' lambda values shown in 
Table 8.7 show that in all cases the kerogen variables are the greatest contributors to 
the discriminating power of the equation; this is particularly marked in the Bearreraig 
Sandstone Formation and less so in the Staffin Bay Formation. 
"'u, 
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Whole dataset Lealt Shales Fm. Duntulm Fm. Staffin Bay Fm. 
Variable Wilks' Variable Wilk Variable wad Variable Wi ks' 
lambda lambda lambda lambda 
Striate/ 0.43 Botryococcus/ 0.72 Macmeplanktm 0.42 Pseudoamoaphous/ 0.68 
biostnu Lured brown palynom rphs /pal)manc rphs nm-bic nJctured 
brown 
Marine plankton/ 0.20 Dinocysts/ 0.56 Pollen/ 0.23 Phytoclast/ 0äS .:. 
al om hs marine lanktm orom hs keroen 
Dinocysts/ 0.12 Dinocysts/ 0.17 Corroded/ 0.34 
marine planktcn marine planldm nm-biostructured 
brown 





Thick-walled/ . 06 Foram linings/ 0.11 Membranes! 
0.20, 
ores kero en hvtoclasts 
Bisaccates/ . 04 Thick-walled/ 0.10 Spores/ 0.16 
ollen ores orom hs 
Brown wood/ . 03 Banded/ 0.08 
phytochists bios xuctured 
brawn 
Fhytoclasts/ . 03 Sporomaph/ 0.07 kern en al om hs 
Botryococcusl . 02 
al can hs 
Spores/ . 02 
prom hs 
Foram. linings/ . 02 kern ea 
Aaitarchs/ . 01 
marine plankton 
Black wood/ . 01 hvtoclasts 
Table 8.3. Variables chosen for the stepwise analysis (SDFA) on each of the 
occasions where the environment classification was used. 
Kerogen Pal omo h 
All data 0.60 0.47 
Lealt Shales Fm na 1.30 
Duntulm Fm. 0.33 0.98 
Stain Bay Fm. 1.77 0.39 
Table 8.4. Total Wilks' Lambda values for each variables group from the SDFA of 
environment (from Table 8.3). 
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Formation Kerogen Pal omo h Combined 
acc 1/ acc2 acc 1/ acc2 acc i/ acct 
Bearrerai Sst. 91 / 296 74 / 155 99 / 241 
Lealt Shales 95 / 53 87 / 38 99 / 57 
StaffinBay 96/60 82/30 96/52 
Table 8.5. Overall percentage classification accuracies from the discrimination of 
members. (accl = computed classification accuracy, acct = relative% accl > 
Cprop). 
Bearrerai Sst. Fm Lealt Shales Fm. Staffin Bay Fm. 
Variable Wilks' Variable Wilks' Variable Wilks' 
Lambda Lambda Lambda 
Non-biostructured/ 0.38 Pseudoamorphous/ 0.72 Phytoclasts/ 0.80 
brown non-biostructured kerogen 
brown 
Striate/ 0.10 Botryococcusl 0.59 Corroded/ 0.58 
biostructured brown palynomorphs non-biostructured 
brown 
Undifferentiated/ 0.08 Membranes/ 0.49 Pollen/ 0.50 
al omo hs h oclasts s romo hs 
Pseudoamorphous/ 0.03 Banded/ 0.44 Bisaccates/ 0.45 
non-biostructured biostructured brown pollen 
brown 
Phytoclasts/ 0.02 Cuticle/ 0.40 
keno en phytoclasts 
Marine plankton/ 0.01 Sporomorphs/ 0.36 
al omo hs al omo hs 
Bisaccates/ 0.01 Corroded/ 0.34 
pollen non-biostructured 
brown 
Eqt/ 0.01 Acritarchs/ 0.29 
black marine lankton 
Tasmanites type/ 0.01 Tasmanites type/ 0.27 
marine plankton, marine Plankton 
Table 8.6. Variables selected for the SDFA of member. 
Formation Kerogen Pal omo h 
Bearrerai Sst., 0.49 0.10 
Lealt Shales 2.38 1.50 
Staffin Bay 1.38 1.00 
s. 
Table 8.7. Total Wilks' Lambda values for'each of the variable groups for the stepwise 
discrimination of member (from Table 8.6). 
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8.2.4 Lithofacies 
Comparison of the overall accuracies from the two sets of analyses shows that the 
kerogen variables group achieves the highest accuracy in the Duntulm Formation. In 
the Staffin Bay Formation the accuracy of the kerogen and combined runs is similar 
(Table 8.8). This suggests that the kerogen variables best distinguish between . 
lithofacies. This is also suggested by the stepwise variables (Table 8.9), only 3/11 of' 
which are from the palynomorph group. One variable (%phytoclast/kerogen) is seen in 
both lists, and may show systematic variation through both sets of lithofacies. The 
Wilks' lambda totals in each formation are different, reflecting the combination of 
variable groups used in the Duntuim Formation and the dominance of the kerogen 
variables group in the Staffin Bay Formation (Table 8.10). 
8.3 Datasets and Different Dependent Variables 
8.3.1 Whole Dataset 
i 
Table 8.11 shows the overall classification accuracies from the discriminant function 
analyses carried out on the whole dataset. The best classification accuracy is achieved 
when formation is the dependent variable used. All the accuracies follow a similar 
pattern apart from the analyses by environment, where the palynomorph analysis 
provides a better classification accuracy than when the kerogen variables are used. The 
largest difference between the kerogen and palynomorph runs occurs when dominant 
lithology is the dependant variable used, suggesting that in this case the palynomorph 
variables are particularly indistinct. The greatest increase in accuracy when the variable 
groups are combined is found in the sample lithology analysis, suggesting that in this 
case the variable groups provide complementary information. 
Table 8.12 shows that the only variable that occurs in all four stepwise variable lists is 
striate of biostructured brown wood; this shows the potential importance of minor 
components, justifying the detailed subdivision of the phytoclast fraction. Two 
variables appear three times (%phytoclastskerogen and %acritarchs/marine plankton). 
These variables (particularly those occurring 3 or 4 times) presumably show systematic 
variation between categories in the different analyses, suggesting that they may 
account for much of the variation seen in the assemblage. In total 22/47 variables . come 
from the palynomorph variables group. In the sample and dominant lithology lists 
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Formation Kerogen Pal omo h Combined 
accl / aac2 accl / acc2 accl /acct 
Duntulm 82 / 156 61 / 61 86 / 126 
Staffin Bay 
. 
94 / 262 71/ 173 98 / 277 
Table 8.8. Overall percentage classification accuracies of the discrimination of 
lithofacies. (accl = computed accurac)4 acct = relative% accl > Cprop). 





Marine lankton/ al omo hs 0.46 Striate/biostructured brown 0.54 
Banded/biostructured brown 0.28 Ph oclasts/kero en 0.31 
Ph oclasts/kero en 0.19 Non-biostructured/brown 0.19 
Membranes/phytoclasts 0.13 Undegraded/non-biostructured 
brown 
0.12 
Din sts/marine plankton 0.10 Undifferentiated/ al omo hs 0.08 
Brown/ h oclasts 0.06 
Table 8.9. Variables selected by the stepwise discrimination of lithofacies.. 
Formation Kerogen Pal omo h 
Duntulm 0.60 0.55 
Staffin Bay 1.22 0.08 
Table 8.10. Total Wilks' lambda values for the two variable groups from the stepwise 
discrimination of lithofacies (from Table 8.9). 
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Dependent variable Kerogen Pal omo h Combined Stepwise 
accl / acc2 accl / acc2 accl / acc2 accl / acc2 
Sa le litholo 38 / 81 36 / 57 56 / 144 33 / 43 
Dominant Litholo 52/ 160 39 / 86 64 / 205 54 / 157 
Environment 64 / 156 65 / 183 76 / 230 70 / 204 
Formation 85 / 254 79 / 229 94 / 292 92 / 283 
Table 8.11. Overall percentage classification accuracies from the whole dataset 
discriminant function analyses. (accI = computed accuracy, acct = relative% accl > 
Cprop). 
Sample Litholo Dominant litholo Environment Formation 
Variable Wilks Variable Wil & Variable Wilk& Variable Wilks' 
Lambda lambda Lambda Lambda 
Phytoolasts/ (762 Sponmi phs/ 0.61 Striate/ 0.43 Undegraded/ 0.25 
keroSen palynanaphs biostructured nm-biostsuc ured 
brown brown 
Striate/ 0.44 Striate/ 0.47 Mariaeplanktan/ 0.20 Botryococcus/ 0.11 
biostructured biosttuctured palynomapbs palynomotphs 
brown brown 
Undifferentiated/ 0.36 Pseudoamcaph. / 0.38 Dmocystst 0.12 Bisaccates/ . 06 
palynomorphs nm-biostrndured 
brown 
marine plankton pollen 
Banded/ 0.31 Phytoclasts/ 0.31 Undegraded/ . 08 Striate/ 
0.04 
biost uctured kerogen nm-biostructured biostxuctured 
brown brown brown 
Spoaancxphs/ 0.26 Membranes/ 0.27 Thick walled/ . 06 Mainplankton/ 
0.03 
al om hs h oclasts ores SP al hs 
Caroded. 1 0.22 Aaitarcbs/ - 0.23 Bisaocates/ . 04 
Membranes/ 0.02 
nm-biosuudured marmeplanktm pollen phytoclasts 
brown 
Black wood/ 0.20 Brown wood/ . 03 
Aaitarchs/ 0.01 
h oclasts h ocla4s marine lanktm 
Palynoncaphs/ 0.18 Phytoclasts/ . 03 Spores/ 0.01 kerogen keno en orom hs 
Biostructured/ 0.15 Bottyococcusl . 02 Diaocysts/ 0.01 brown al hs marine laaktm 
Undifferentiated/ 0.13 Spares/ . 02 
Tasmanitestype/ 0.01 
al om hs caom hs marine plankton 
Striped/ 0.12 Feram. linings! . 02 Thick-walled/ 0.01 biostructured 
brown 
kerogen spores 
Actiarchs/ . 01 
AOM/ 0.01 
marine lanktm ker en 










Brown wood/ 0.003 
hvtoclasts 
Table 8.12. Variables selected by the stepwise discrimination of the whole dataset. 
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variables from the phytoclasts group make up the bulk of the variables chosen, whilst 
in the environment and formation lists more variables derived from the palynomorph 
fraction are present and these palynomorph variables are similar. 
Comparison of the total Wilks' lambda values for each variable group (Table 8.13) 
shows that the kerogen variables always contribute the most to the discriminating 
power of the equation, even when the total number of palynomorph variables chosen 
exceeds that of kerogen group variables (as in the formation list). In the sample and 
dominant lithology stepwise runs the kerogen group variables are dominant, whilst the 
values show a more even distribution in the cases of environment and formation, 
reflecting the increased number of palynomorph group variables chosen. It is these two 
dependent variables (environment and formation) that provide the best stepwise 
classification accuracies (Table 8.11). 
8.3.2 Bearreraig Sandstone Formation 
Table 8.14 shows that in the sample lithology analyses the combined variables run 
provides the best accuracy, whilst in the dominant lithology and member analyses the 
kerogen variables group accuracy is highest. The strongest control (= maximum 
classification accuracy) is provided by the member subdivision. The largest difference 
between the kerogen and palynomorph accuracies occurs in the member classification, 
suggesting that the palynomorph variables are particularly indistinct in this case. The 
largest increase seen when the variable groups are combined occurs in the sample 
lithology classification, suggesting that the variable groups provide complementary 
information. 
No variable appears in all five stepwise lists (Table 8.15), but the percentage 
pseudoamorphous of non-biostructured brown wood occurs in the three analyses 
carried out on the whole formation. The percentage pitted of biostructured brown 
wood is the first variable chosen in the sample and dominant lithology analyses, 
suggesting that this variable characterises lithology most effectively, again showing the 
potential importance of relatively minor components of the phytoclast assemblage. The 
first variable chosen in each case comes from the kerogen variables group, and in the 
member and sample lithology lists this variable provides more than three times the 
amount of discrimination of the second most important variable. The majority of the 
rest (18/32) of the variables chosen also come from the kerogen group. The Wilks' 
lambda totals shown in Table 8.16 demonstrate the predominance of the keiogen 
variables, especially in the stepwise discrimination of member; the low contribution 
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Dependent variable Kerogen Pal omo h 
Sample lithology 1.80 0.62 
Dominant litholo 1.81 0.98 
Environment 0.60 0.47 
Formation 0.32 0.24 
Table 8.13. Total Wilks' lambda values from the two variable groups, stepwise 
discrimination of the whole dataset (from Table 8.12). 
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Bearreraig Sst. Fm. Kerogen Pal omo h Combined Stepwise 
Dependent variable acc 1 /acc2 acc 1 /acc2 acc 1 /acct acc 1 /acct 
Sample litholo 69 / 138 62 / 130 82 / 204 47 / 74 
Dominant litholo 82 / 215 74 / 139 95 / 207 90 / 190 
Member 91 / 296 74 / 155 99 / 241 96 / 231 
Proximal-distal 
(Dun Caan Shales Mbr. ) 
100 / 56 100 / 56 100 / 56 100 / 56 
_ Distal-proximal 
(Udairn Shales-Holm Sst. mbrs. ) 
100 / 89 81 / 53 100 / 89 77 / 45 
Table 8.14. Overall percentage classification accuracies from the Bearreraig 
Sandstone Formation. (accl = computed accuracy, acc2 = relative % accl > Cprop). 
Member Sample litholop Dominant lithology Proximal-distal (Dun Cann 
Shales M}r. 
Variable Wilke Variable Wilks" Variable Willke . Variable Wilke Lambda Lambda Lambda Lambda 
Non-biostrudured/ 0.38 Pitted/ 0.19 Pitted/ 0.20 Corroded/ 0.19 
brown wood biostructured brown biostructured brown brown wood 
Striate/ 0.10 Pseudoamcaphous/ 0.04 Black wood/ 0.10 Striped/ 0.11 
biosttudnred brown nm-biostrudured phytodasts bios1ru ured brown brown 
Undifferentiated/ 0.48 Cerebropollenitesl 0.03 Pseudoamaphous/ 0.06 Black wood/ 0.06 
palynom sphs pollen non-biostructured phytoclasts 
brown 
pseudoamaphoua/ 0.33 Callialasporitesl 0.02 Undegraded/ 0.04 Callialasporitesi 0.05 
nm-biostructured pollen nm-biostrudured pollen 
brown brown -- 
phytoclasts/ 0.02 Undifferentiated/ 0.02 Marineplankton/ 0.05 
kero en al om hs alvnom hs 
Marine plankton/ 0.01 Striped/ 0.02 
al om hs biostructured brown 
BLsaccat. es/ 0.01 Tasmanitestype/ 0.01 Distal-proximal (Udaim 
ollen marine plankton Shales-Holm Sst. mbts. ) 
Fquant/ 0.01 Marineplanktm/ 0.01 Variable We 
black wood al om he IAunbda 
Tasmanitestypel 0.01 Unidentified/ 0.01 Nm- 0.25 
marine planktm pollen biostrudured/ 
brown wood 






Table 8.15. ° Variables selected by the stepwise analyses, Bearreraig Sandstone 
Formation. 
Dependent variable Kerogen Pal omo hs 
Sample litholo 0.23 0.05 
Dominant lithology 0.42 0.06 
Member 0.47 0.02 
Proximal-distal (Dun Caan Shales Mbr. ) 0.36 0.10 
Distal-proximal (Udairn Shales-Holm Sst. 
mbrs. ) 
0.25 0.18 
Table 8.16. Total Wilks' lambda values from the two variable groups, Bearreraig 
Sandstone Formation (from Table 8.15). 
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from palynomorph group variables relates to the large, difference in classification 
accuracy between the kerogen and palynomorph groups in this case (Table 8.14). `: 
8.3.3 Lealt Shales Formation 
All the analyses show a similar pattern of overall accuracies apart from the 
environment classification (Table 8.17), in which the palynomorph run provides a 
better result than the kerogen, suggesting a more distinct set of palynomorph 
assemblages. The best accuracy is provided by the dominant lithology classification; 
this also shows the greatest increase in accuracy when the variable groups ; are 
combined. The greatest difference between the kerogen and palynomorph run accuracy 
occurs in the sample lithology analyses. 
Table 8.18 shows that the %Botryococcus/palynomorphs occurs in three of the 
stepwise variable lists (it is the first variable chosen in two), and several variables occur 
in two (e. g. %membranes and %cuticle/phytoclasts). Palynomorph group variables are 
the first chosen in four out of five of the analyses: overall 10/21 variables are from this 
group, and of these 8/10 are indicators of palaeosalinity. The Wilks' lambda totals, 
(Table 8.19) show the predominance of the palynomorph variables in the environment,? 
salinity and sample lithology analyses, but that kerogen variables contribute the most to 
the discriminating power of the equation for dominant lithology, closely followed by 
the palynomorph group variables. In the member analysis the kerogen variables are 
more dominant. 
8.3.4 Duntulm Formation 
The overall accuracies show different patterns, with the combined and kerogen runs 
predominant in two analyses each, and the palynomorph run accuracy exceeding that 
of the kerogen in the environment analyses (Table 8.20). The best classification 
accuracy occurs in the discrimination of lithofacies using the kerogen variables, and 
this kerogen variables run provides a high accuracy in all but the environment analyses., 
The latter shows the greatest increase in accuracy on combining the variable groups, 
suggesting that the parameters integrate well to discriminate between the environment , 
categories. 
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Lealt Shales Fm. Kerogen Pal omo h Combined Stepwise 
Dependent variable accl / acc2 accl / acc2 accl / acc2 accl / acc2 
Sample lithology 77 / 103 54 / 46 86 / 132 57 / 54 
Dominant litholo 76 / 117 65 / 86 91 / 160 54 / 54 
Environment 70 / 94 74 / 106 83 / 131 54 / 50 
Salinity 75/108 / 108 68 / 89 82 / 128 63 / 75 
Member 95 / 53 87 / 38 99 / 57 96 / 52 
Table 8.17. Overall percentage classification accuracies from the Lealt Shales DFA. 
Sample lithology Environment Member 
Variable Wilks' Variable Wilks' Variable Wilks' 
Lambda Lambda Lambda 
Undifferentiated/ 0.51 -Botryococcusl 0.72 Pseudoamorphous/ 0.72 
palynomorphs palynomorphs non-biostructured 
brown 
Marine plankton/ 0.31 Dinocysts/ 0.56 Botryococcus/ 0.59 
palynomorphs marine plankton al omo hs 
Membranes/ 0.21 Membranes/ 0.49 
phytoclasts h oclasts 
Banded/ 0.15 Banded/ 0.44 
biostructured biostructured brown 
brown 
AOM/ 0.11 Cuticle/ 0.40 
kerogen h oclasts 
Dominant lithology Salinity Sporomorphs/ 0.36 
al omo hs 
Variable Wilks' Variable Wilks' Corroded/ 0.34 
Lambda Lambda non-biostructured 
brown 
Undifferentiated/ 0.70 Botryococcusl 0.68 Acritarchs/ 0.29 
al omo hs al omo hs marine plankton 
Brown wood/ 0.50 Acritarchs/ 0.61 Tasmanites type/ 0.27 
phytoclasts marine plankton marine plankton 
Cuticle/ 0.39 
h oclasts 
Table 8.18. Variables selected by the SDFA, Lealt Shales Formation. 
Dependent variable Kerogen Pal omo h 
Sample lithology 0.46 0.81 
Dominant lithology 0.90 0.70 
Environment 0 1.30 
Salinity 0 1.30 
Member 2.38 1.50 
Table 8.19. Total Wilks' lambda values of the two variable groups, Lealt Shales 




Kerogen% Palynomorph% Combined% Stepwise% 
Dependent variable accl / acc2 accl / acc2 accl / acc2 accl / acc2 
Sample litholo 62 / 121 52 / 63 68 / 113 61/91,,, - 
Dominant litholo 65 / 150 56 / 87 76 / 153 38 / 27 
Environment 72 / 67 76 / 105 87 / 135 79 / 84 
Lithofacies 82 / 156 61 / 61 86 / 126 61 / 61 
Biofacies na 62 / 100 na 52 / 68 
Table 8.20. Overallpercentage classification accuracies, Duntulm Formation. (accl 
= computed accuracy, acct = relative% accl > Cprop). 
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Table 8.21 shows that the, only variable . that appears in all five. stepwise lists is the 
%dinocysts/marine plankton; %marine plankton/palynomorphs is the first variable 
chosen in three of the analyses, and %phytoclasts/kerogen occurs in three lists as does 
the %banded/biostructured brown wood. This suggests that these variables encompass 
the majority of the variation within the formation as they vary systematically in many 
different analyses. The kerogen variables chosen in the sample lithology and lithofacies 
analyses are the same. In all five lists the first variable chosen comes from the 
palynomorph group, and in all 17/28 variables come from this group. Of these, 12/17 
are palaeosalinity indicators; they are complemented by the %forams/kerogen. The 
Wilks' lambda totals shown in Table 8.22 show the predominance of the palynomorph 
variables in the environment classification; in the other classifications the values for 
each variable group are similar. 
8.3.5 Staffin Bay Formation 
Table 8.23 shows that the highest classification accuracies are derived from the 
combined or kerogen runs; the palynomorph variables always provide the lowest 
accuracies, and appear to detrimentally affect the kerogen accuracies when the 
variables are combined in the sample lithology and environment analyses. However, in 
the dominant lithology analyses there is a relatively large increase in accuracy when the 
variable groups are combined, and in the lithofacies analyses combination of the 
variable groups leads to the maximum overall accuracy present. 
Table 8.24 shows that the %phytoclasts/kerogen appears in all five stepwise lists, and 
is the first variable chosen in three of these and is second best in the other two, in the 
11 two lithology lists the Wilks' lambda values associated with this variable are ca. twice 
those for the second best variable suggesting that in these cases the 
%phytoclasts/kerogen is particularly important. This suggests that this variable shows 
systematic variation when many different dependent variables are used; the same, may 
also be true for the %corrodedlnon-biostructured brown, which 'is present in three of 
the stepwise lists. Variables from the kerogen group are the first (best) chosen in all 
five analyses, and dominate all five variable lists (in the sample and dominant lithology 
analyses only kerogen variables are chosen). Overall, only 5/20 variables are from the 
palynomorph group. The total Wilks' lambda values (Table 8.25) reflect this, showing 
a dominance of kerogen variables in all the analyses, but an increased contribution 
from the palynomorph variables can be identified in the environment and member 
analyses. 
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Sample lithology Environment Lithofacies 
Variable Wilks' Variable Wilks' Variable Wilks' 
Lambda Lambda Lambda' 
Bot, yococcusl 0.56 Marine plankton/ 0.42 Marine plankton/ 0.46 
al omo hs al omo hs al omo hs 
Phytoclasts/ 0.39 Pollen/ 0.23 Banded/ 0.28 ..: kerogen sporomorphs biostructured 
brown 
Membranes/ 0.28 Dinocysts/ 0.17 Phytoclasts/ 0.19 
phytoclasts marine plankton kerogen 
Banded/ 0.20 AOMI 0.17 Membranes/ 0.13 
biostructured brown kerogen phytoclasts 
Dinocysts/ 0.15 Foram. linings/ 0.11 Dinocysts/ 0.10 
, marine plankton kernen marine plankton .F 
Tasmanites type/ 0.12 Thick-walled/ 0.10 
marine plankton spores 
Banded/ 0.08 Biofacies 
biostructured 
brown 
Dominant lithology Sporomorphs/ 0.07 Variable Wilks' 
al omo hs Lamms 
Variable Wilks' Marine plankton/ 0.44 
Lambda palyn omo hs 
Acritarchs/ 0.008 Botryococcusl 0.30 
marine plankton al omo hs 
Phytoclasts/ 0.005 Thick-walled/ 0.23 
kerogen spores 
AOM/ 0.003 Pollen/ 0.20 4, 
kerogen s romo hs 
Dinocysts/ 0.003 Dinocysts/ 0.10 
marine plankton marine lank-ton 
Table 8.21. Variables selected by the stepwise analyses, Duntulm Formation. 
Dependent variable Kerogen Pal omo h 
Sample lithology 0.86 0.82 
Dominant lithology 0.01 0.01 
Environment 0.33 1.0 
Lithofacies 0.60 0.55 
Table 8.22. Total Wilks' lambda values of the two variable groups, Duntulm 
Formation (from Table 8.21). 
331 
Staffin Bay Formation Kerogen% Pal omo h% Combined% Stepwise% 
Dependent variable accl / acc2 accl / acc2 accl /acct accl / acc2 
Sample litholo 87 / 235 57 / 119 82/215 44 / 69 
Dominant litholo 76 / 192 67 / 158 88 / 239 67 / 158 
Environment 98 / 78 82 / 39 98 / 66 89 / 51 
Lithofacies 94 / 262 71 / 173 98 / 277 78 / 200 
Biofacies na 76 / 124 na na 
Member 96 / 60 82 / 30 96 / 52 88 / 40 
Table 8.23. Overall classification accuracies, Staffin Bay Formation. (accl = 
computed classification accuracy, acct = relative% accl > Cprop). 
Sample htholo Environment Lithofacies Member 
Variable Wilks' Variable Willcs' Variable Wika' Variable Wilks' 
Lambda Lambda Lambda Lambda 
phytocla4s/ 0.30 Pseudoamcxph. / 0.68 Striate/ 0.54 Phytoclasts/ 0.80 
kerogen non-biostrudured biostnatured kerogen 
brown brown 
corroded/ 0.16 Phytoclasts/ 0.55 Phytoclasts/ 0.31 Corroded/ 0.58 
noa-biostrudured kerogen kerogai non-biosuudured 
brown brown 
Corroded/ 0.34 Nm-biosuudured/ 0.19 Pollen/ 0.50 
non-biostrudured brown wood spaomocphs 
brown 




Variable Will& Membranes/ 0.20 Undifferentiated/ 0.08 
Lambda h oc1a51s alvnom bs 
phytoclasts/ 0.42 Spores/ 0.16 Brown wood/ 0.06 
kern en omm hs hvtoclasts 
Brown wood/ 0.24 
hvtoclasts 
Table 8.24. Variables selected by the SDFA, StaffIn Bay Formation. 
Dependent variable Kerogen Pal omo hs 
Sample lithology 0.46 0 
Dominant litholo 0.66 0 
Environment 1.77 0.39 
Lithofacies 1.22 0.08 
Member 1.38 0.95 
Table 8.25. Total Wilks' Lambda values for the two variable groups, Staffin Bay 
Formation (from Table 8.24). 
" :ý 
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8.4 Profiling of Mis-classified samples 
Examination of the profiles of the mis-classified samples reveals several factors or 
'effects' that may provide reasons for the incorrect classification of samples 
(summarised in Table 8.26). 
The first two effects were also apparent in Chapter-4.0, and relate to the often subtle 
controls of sample and dominant lithology on assemblages. These are perhaps best 
illustrated by the behaviour of the samples taken from the 'complex bed' of the 
Kildonnan Member (Lealt Shales Formation), where the sandstone-dominated 
lithology causes the incorrect classification of shale samples into the silty shale 
category in the sample lithology analyses. In the dominant lithology analyses the shale 
sample lithology causes the samples to again classify incorrectly into the silty shale as 
opposed to the sandstone category (section 4.7.4). 
The third 'section' effect, describes the tendency of samples being more similar to 
stratigraphically adjacent samples than they are to the rest of the samples in the säure 
category. This effect is particularly marked in samples from the Cullaidh Shale-Elgotl 
Sandstone formations section on Raasay in the whole dataset environment analyses. 
Here, the samples from the Elgol Sandstone Formation classify incorrectly into _the , 
category (anoxic basin) which contains the samples from directly below their position. 
This effect can also be seen in the Duntulm Formation 'freshwater intercalation' section 
and elsewhere. The fourth 'formation/member' effect identified is related and results 
from samples being more similar to the other samples in their member/formation than 
to those from the same category, therefore classifying into the category which contains 
the majority of samples from that member/formation. An example of this can be found 
again in the whole dataset by environment analyses where the mis-classified Upper 
Ostrea Member (Staffin Bay Formation) samples from the marine-brackish 
environment category classify incorrectly into the bar environment, which contains all, 
the samples from the upper member of this formation, the Belemnite Sands. 
The final'ambiguous control' effect results from the potential of different classifications 
to be better reflected in the palynofacies assemblages than the one that is being used as 
the dependent variable, such as the environment classification seeming to reflect 
assemblages in certain samples better than lithofacies. An example of this can be seen 
in the Lealt Shales Formation environment analyses, where mis-classified samples from 
the marine-brackish environment category classify into 'lower salinity environment 




Reason for mis-classification Example 
1 Sample lithology effect Kildonnan Member - sandstone-dominated 
lithology samples classify as silty shale due to 
effect of shale sample lithology. 
2 Dominant lithology effect Kildonnan Member- shale lithology samples 
classify as silty shale due to sandstone-dominated 
lithology. 
3 Section effect Cullaidh Shale-Elgol Sst. fins. Raasay -- marine- 
brackish samples classify as anoxic basin due to 
similarity with samples from same locality. 
4 Member/Formation effect Staffin Bay Fm. -marine-brackish samples from 
lower member classify into bar category as 
contains all samples from upper member. 
5 Ambiguous control Lealt Shales Fm. - marine-brackish same? es 
classify into lower palaeosalinity categories 
suggested by ostracod-salinity classification. 
Table 8.26. Reasons for the mis-classification of samples in the discriminant function 
analyses. 
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categories. This suggests that in the case of these samples the assemblages r are 
reflected better in the ostracod determined palaeo-salinities than, the macro-faunal 
derived environment categories. 
8.5 Summary 
Discriminant function analysis has proved to be a useful technique in characterising the 
level of control exerted by different factors on the palynofacies assemblage, and has 
allowed the comparison of the relative strengths of various controls. It has also enabled 
the assessment of the relative usefulness of total kerogen vs. palynomorph data. In 
terms of the whole dataset it appears that the formations are the most distinct groupmgs 
of samples, more so than depositional environment or lithology; within the individual 
formations the most distinct controls differ, reflecting local differences, and vary from 
member to lithofacies. Comparison of the accuracies obtained from the kerogen, 
palynomorph, and combined variables groups shows that, as expected, the combined 
group generally provides the most distinct categories. However, there are occasions 
where both the kerogen and palynomorph variables group are more effective in 
discriminating the dependent variables, in particular the palynomorph variables best 
distinguish between the environment categories in most cases, while the kerogen 
variables seem more effective in discriminating between member and lithofacies 
sudivisions. 
The stepwise DFA variables provide a useful guide to the variables that best 
discriminate between the categories; in some cases the classification accuracies using 
just these variables are relatively high, often nearing those derived from the full 
variable groups. This suggests that in the simultaneous analyses there are variables that 
contribute little, or even interfere with, the discrimination algorithm. The variables 
selected vary from case to case and generally include those which would be expected, 
such as indicators of palaeosalinity in the environment and ostracod-salinity analyses,, 
together with several eclectic variables, often including those which represent only 
minor components of the assemblage; variables also seem to be sometimes used by 
DFA in a presence-absence manner. 
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8.6 Cluster Analysis "ý AVx. 
Hierarchical cluster analysis has been carried out using the variables selected by 
stepwise DFA for a variety of dependent variables within the four main formations. It 
was not possible to use the whole dataset (all samples) as the large number of samples 
would not run on the computer package used (SPSS). The dendrogram produced 
would also have been extremely large and complex. This approach was used as 
clustering using all the variables produced very noisy, and therefore difficult to 
interpret dendrograms; clustering using the reduced number of variables selected by 
stepwise DFA allowed the examination of the natural relationships within the datasets 
biased towards a certain control suggested by the dependant variable used (e. g. 
environment). The clustering algorithm used was average linkage (between groups), 
and the distance measure was the squared euclidean distance. The main features of the 
dendrograms in each case have been tabulated (e. g. Table 18.27); the dendrograms 
themselves are shown in Appendix 8.1. 
8.7 Bearreraig Sandstone Formation 
The variables derived from the functions using the dependent variables 'member' (on 
the whole formation) and 'proximal-distal' (on the two main sections: Dun Caan Shales 
Member, Udairn Shales-Holm Sandstone members) have been used. 
8.7.1 Member 
The cluster memberships (Table 8.27) show that there is no differentiation between the 
Udairn Shales and Holm Sandstone members, and the Rigg Sandstone Member 
samples are not clustered at all. The clustering appears to relate more to the different 
sections sampled rather than the actual members, which is surprising given the high 
overall classification accuracy obtained using stepwise DFA, but the scattering of the 
Rigg Sandstone Member samples through the dendrogram agrees with the low DFA 
classification accuracy for this unit. 
Figure 8.1 shows the mean percentages of the variables in the different clusters. The 
differences between clusters are sometimes subtle, and if the clusters were defined at a 
lower level than this it would be difficult to justify their separation as the differences 
between the variable values would approach the reproducibility errors described in 
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Member % original samples Main cluster Exported Imported 
correctly classified letter 
Dun Caan Shales 87 C -5 B +1 B 
-1A 
Udairn Shales/Holm 91 B -1 C +5 C 
Sandstone -3 A +1 A 
+3 (5)' 
Rigg Sandstone (5) 0 na -3 B 
-3A 
Beinn na Leac 83 A -1 B +1 C 
+3 B 
+(5) 
Tab. - 8.27. Summary of dendrogram, Bearreraig Sandstone Formation using 
variables from SDFA of member. Exported refers to the number of samples which 
have been removed from the target cluster and placed in the cluster indicated 
Imported refers to the number of samples incorrectly added to the target cluster from 
the cluster indicated 5= code for Rigg Sandstone Member samples which do not' 
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Fig. 8.1 a. Mean values ofphytoclast variables (selected by SDFA) for each cluster, 
Bearreraig Sandstone Formation by member. 
Fig. 8.1b. Mean values ofpalynomorph variables (selected by SDFA) for each cluster, 
Bearreraig Sandstone Formation by member. 
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section 2.5. The most significant variables seem to be %striate/biostructured and 
%pseudoamorphous of non-biostructured brown wood from the kerogen group, and 
%bisaccates/pollen from the palynomorph assemblage. The Tasmanites type/marine 
plankton parameter also appears to be important on a presence/absence basis. 
8.7.2 Proximal-Distal 
The Dun Caan Shales Member analysis shows a good relationship with the stepwise 
DFA accuracy (100%), there being a completely successful division into the two 
proximal-distal units. The variable percentages (Fig. 8.2) suggest that the most 
significant variables are %black wood/phytoclasts and % corroded of biostructured 
brown wood. 
In the proximal-distal analysis of the Udairn Shales-Holm Sandstone members there is 
no differentiation of unit 1, the samples from which classify into unit 2 (Table 8.28). 
This combined unit is well differentiated from the unit above, but units 3 and 4 are less 
successfully separated. It is interesting to note that units 2 and 3 are so well defined as 
they have the lowest classification accuracies in the original stepwise DFA analysis. 
The most effective variable in differentiating between the clusters appears to be the 
%non-biostructured/brown wood (Fig. 8.3). 
8.8 Lealt Shales Formation 
Cluster analysis has been carried out on this formation using the variables derived from 
the stepwise DFA using member, environment, and salinity as the dependent variable. 
8.8.1 Member 
Despite the 96% overall classification accuracy of the stepwise DFA for members there 
are considerable numbers of samples that are not grouped correctly in the dendrogram 
(Table 8.29). The percentages of corroded/non-biostructured brown wood and 
membranes/phytoclasts from the kerogen group, and %acritarchs/marine plankton, 
%Botryococcus/palynomorphs, and %Tasmanites type/marine plankton of the 
palynomorph variables appear to be the most significant parameters in distinguishing 













Fig. 8.2. Mean values of variables (selected by SDFA) for each cluster, Dun Caan 
Shales Member by proximal-distal. 
Distal-proximal 
it 





1 0 na -2 B 
2 97 B -1 A2 +2(l) 
3 67 Al -3 A2 
4 100 A2 none +l B 
+3 Al 
Table 8.28. Summary of dendrogram, Udairn Shales-Holm Sandstone members 
(Bearreraig Sst. Fm. ) using variables from SDFA ofproximal-distal ranking 
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Fig. 8.3. Mean values of variables (selected by SDFA) for each cluster, Udairn 
Shales-Holm Sandstone members by distal proximal. 
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Member % original samples Main cluster Exported imported 
correctly classified letter 
Kildonnan 65 B -20 A +4 A 
Lonfearn 70 A -4 B +20 A 
-1 single 
Table 8.29. Summary of dendrogram, Lealt Shales Formation, using variables from 
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Fig. 8.4a. Mean values ofphytoclast variables (selected by SDFA) for each cluster, 
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Fig. 8.4b. Mean values of the palynomorph variables (selected by SDFA) for each 
cluster, Lealt Shales Formation by member. 
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8.8.2 Environment 
Table 8.30 shows that of the four environment categories present only two are 
distinguished in the clusters; the brackish and fresh-brackish environments are 
combined in cluster B, and the freshwater category samples (code = 9) are scattered 
through the dendrogram. The relatively low overall classification accuracy (54%) of 
the original stepwise DFA run may in part explain the lack of coherence of the clusters. 
Those fresh-brackish samples which join cluster A (marine-brackish) mostly come from 
the same part of the section as the majority of the marine-brackish samples. Both of the 
variable used (%Botryococcus/palynomorphs and %dinocysts/marine plankton) show 
significant variation between the clusters (Fig. 8.5). 
8.8.3 Salinity 
In the dendrogram the salinity categories are relatively poorly defined (Table 8.31), 
with no cluster representing the mesohaline category (code = 2), there is also 
considerable exchange of samples between clusters A and B. Again this may partly be 
due to the low overall accuracy derived from the stepwise DFA run (63%), but also 
suggests a lack of similarity between samples from the same salinity category. The 
variable which shows the most significant variation between the clusters is 
%acritarchs/marine plankton (Fig. 8.6). 
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Environment % original samples Main cluster Exported Imported 
correctly classified letter 
Marine-brackish 82 A -2 B +17 B 
+2(9) 
Brackish 83 B -4 A +2 A 
+1 9 
Fresh-brackish 67 B -13 A +2 A 
+1 9) 
Freshwater (9) 0 na -2 A 
-1 B 
Table 8.30. Summary of dendrogram, Lealt Shales Formation, using variables from 
SDFA of environment. Key to definitions as for Table 8.27. (9 = code for freshwater 












Fig. 8.5. Mean values of variables (selected by SDFA) for each cluster, Lealt Shales 
Formation by environment. 
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Salinity % original samples Main cluster Exported Imported 
correctly classified letter 
Freshwater 61 B -12 A +12 (2) 
-miohaline +6 A 
Mesohaline 0 na -12 A 
(2) -12 B 
Pliohaline 59 A -6 B +12(2) 
+12 B 
Table 8.31. Summary of dendrogram, Lealt Shales Formation, using variables from 
SDFA of salinity. Key to definitions as for Table 8.27 (2 = code for mesohaline 












Fig. 8.6. Mean values of variables (selected by SDFA) for each cluster, Lealt Shales 
Formation by salinity. 
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8.9 Duntulm Formation 
The variables derived from stepwise DFA using environment and lithofacies have been 
used in this section. 
8.9.1 Environment 
The four environment categories present characterise the four main clusters (Table 
8.32), although there is a degree of 'mis-classification' with samples mostly. mis- 
classifying only into the most closely associated environment category (e. g. exchange 
of samples between the marine-hypersaline and marine-brackish categories). Within the 
kerogen variables group those that are the most significant appear to be the 
%banded/biostructured brown wood, °/%AOM/kerogen, and %foram. linings/kerogen 
(the last on a presence/absence basis); these are combined with the %dinocysts/marine 
plankton, %marine plankton/palynomorphs, %sporomorphs/palynomorphs, and 
%thick-walled/spores from the palynomorph group (Fig. 8.7). 
8.9.2 Lithofacies 
Table 8.33 shows that the only two lithofacies successfully distinguished in the 
dendrogram are the Praeexogyra limestone-shales and the Unio-Neomiodon muds and 
sands; the other lithofacies samples are combined with the Praeexogyra limestone- 
shales suggesting that in terms of the variables used they are not significantly different 
from this facies. Figure 8.8 shows that the samples from the Unio-Neomidon muds and 
sands which join cluster A are those which contain marine plankton; the other variables 
which show significant variation between the clusters are the %banded/biostractured 
brown wood, %membranes/phytoclasts, %phytoclastskerogen, and %dinocysts/marine 
plankton (the last partly on a presence/absence basis). 
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Environment % original samples Main cluster Exported Imported 
correctly classified letter 
Marine-hypersaline 59 D -6 C +8 C 
-1 B 
Marine-brackish 81 C -8 D +6 D 
-1 E +2 E 
-2B +1A 
Fresh-brackish 50 E -11 A +1 C 
-2C +IA 
Freshwater 75 A -1 C +11 E 
-1 E 
Table 8.32. Summary of dendrogram, Duntulm Formation, using variables from 
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Fig. 8.7a. Mean values of phytoclast variables (selected by SDFA) for each cluster, 
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Fig. 8.7b. Mean values ofpalynomorph variables (selected by SDFA) for each cluster, 
Duntulm Formation by environment. 
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Lithofacies % original samples Main cluster Exported Imported 
correctl classified letter 
Praeexogyra Lst. -shale 100 A +2(2) 
+5 (3) 
+13 B 
Argillaceous Lsts. (2) 0 na -2 A 
Algal Lsts. & cryptalgal- 0 na -5 A 
rippled silts (3) 




Table 8.33. Summary of dendrogram, Duntulm Formation, using variables from 
SDFA of lithofacies. Key to definitions as for Table 8.27 (2 = code for argillaceous 
limestone samples, 3= code for algal limestone and cryptalgal-rippled silts samples, 











Fig. 8.8a. Mean values of the kerogen variables (selected by SDFA) for each cluster, 













Fig. 8.8b. Mean values of the palynomorph variables (selected by SDFA) for each 
cluster, Duntulm Formation by lithofacies. 
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8.10 Staffm Bay Formation 
Cluster analysis was carried out on this formation using the variables derived from the 
stepwise analyses using the dependent variables member and lithofacies. 
8.10.1 Member 
The dendrogram does not seem to reflect the overall DFA classification accuracy of 
88%, there is considerable 'mis-classification' of the Belemnite Sands Member samples 
(Table 8.34), especially of those samples from the lower and upper finer grained parts 
of the member. There is a similar cluster membership when the DFA by environment 
stepwise variables are used (not shown). Figure 8.9 shows' that of the variables used 
the %corroded/non-biostmetured brown wood and %phytoclasts/kerogen appear to be 
the most significant. 
8.10.2 Lithofacies 
The dendrogram shows good differentiation of all the lithofacies apart from the muddy 
silts, the samples from which classify with the argillaceous sands lithofacies; this, and 
the other coarser grained lithofacies (the silts-fine sands), show particularly good 
definition (Table 8.35). The most significant variables `appear to be the %phytoclasts/ 
kerogen, %undegraded/non-biostructured brown wood, and %striate/biostructured 
brown wood (Fig. 8.10). 
8.11 Discussion of Discrepancies 
From examining the cluster memberships and the variation in the variables between the 
different clusters, and what has already been seen in section 8.4, there appear to be two 
main reasons for discrepancies. The first is the problem of whether clusters or 
discriminant function categories are being defined using differences which are greater 
than the error value for the parameter (cf section 2.5). If the differences used in 
selecting the DFA variables are only minor then they may not be expressed in cluster 
definition and vice-versa. Problems are likely to occur where stepwise DFA selects 
parameters from certain categories which are likely to show high variability due to the 
often low count totals from which they are calculated; parameters which are likely to 
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Upper Ostrea 89 B -4 B +5 A 
Belemnite Sands 58 A -5 A +4 B 
8.34. Summary of dendrogram, Staffin Bay Formation, using variables from SDFA of 
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Fig. 8.9. Mean values of variables (selected by SDFA) for each cluster, Staffin Bay 
Formation by member. 
Lithofacies % original samples Main cluster Exported Imported 
correctly classified letter 
Calc. clay-Lst. 60 A -1 C +1 D 
-1 D +1 C 
Bituminous shales 63 D -4 C +1 A 
-1A +2B 
+2(5) 
Silt-fine sands 93 C -i A +1A 
+1 B 
Arg. sands 70 B -1 C 
-2 D 
Muddy silts (5) 0 na -2 D 
Table 8.35. Summary of dendrogram, Staffin Bay Formation, using variables from 
SDFA of lithofacies. Key to definitions as for Table 8.27 (5 = code for muddy silts 
lithofacies samples which do not have their own cluster). 
i 
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Fig. 8.1 Oa Mean values of variables (selected by SDFA) for each cluster, Staffin Bay 












Fig. 8. l Ob Mean values of variables (selected by SDFA) for each cluster, Staffin Bay 
Formation by lithofacies (II). 
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suffer from this problem are particularly those which come from within the 
biostructured brown wood, marine plankton, or spores categories. 
The second problem is the 'section effect' shown to be present in the DFA results 
(section 8.4). This effect seems to be at least evident in the case of cluster analysis, 
where, if not constrained, samples tend to classify with those that are stratigraphically 
adjacent (e. g. above, below or from the same section) rather than in the 'correct 
cluster'. Examples of this can be seen in many of the cluster membership tables, such as 
those from the Lealt Shales Formation by environment. This latter effect is not so 
much of a problem when constrained cluster analysis is used as the samples are kept in 
stratigraphic order (c£ section 10.3). 
Another potential effect is that in DFA the categories are 'pre-judged'. The basis for 
this pre-judgement (especially for facies, environment, proximal-distal, and salinity) 
could be occasionally flawed, such that the statistical groupings do not correspond 
with the expected results, but might actually be more accurate. 
8.12 Summary 
Cluster analysis has proved useful in testing the results obtained from the more 
extensive DFA procedures; it has shown that when the samples are allowed to freely 
associate they do not always do so in the manner suggested by the DFA. Often the 
reason for the mis-classification of samples can be related to the lowered classification 
accuracy in the original DFA run, suggesting that the variables chosen will not 
perfectly classify the samples into the dependent variable categories. However, there 
are occasions when this does not seem to be the case, for example in the Lealt Shales 
Formation by member analysis, the accuracy of the DFA run was good (96%), but 
clustering using the same variables produced large numbers of samples classifying into 
'incorrect clusters'. This suggests that, in some cases, the DFA uses samples which are 
not actually that similar in order to generate the algorithms; this may cause problems if 
the algorithm was applied to discriminate a new dataset. 
Cluster analysis has also allowed the examination of the variable percentages in each 
cluster; it would appear that in most cases there only a few of the selected variables 
show significant variation, and sometimes in an essentially presence/absence fashion. 
These variables are not always those with the highest Wilks' lambda values, although 
t'iis is the case in the Staffin Bay Formation. 
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Overall it would seem that DFA is perhaps the better technique, in that it allows the 
easy comparison of controls and different variable groups, and generates the variables 
which are the most important in the discrimination process. Cluster analysis is less easy 
to use, and is more subjective in terms of the interpretation of the dendrograms, but its 
key advantage is that it allows the samples to associate freely and provides a useful 
cross check of the DFA results. This has shown that DFA may not be as simple to 
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Fig. 8.11. Dendrogram of the Be., irreraig Sandstone Formation by member analysis. 
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Fig. 8.12. Dendrogram from the Dun Caan Shales Member (Bearreraig Sst. Fm) by 
proximal-distal analysis. 
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Fig. 8.13. Dendrogram of the Udairn Shales-Holm Sandstone members (Bearreraig 
Sst. Fm) by distal proximal analysis. 
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Fig. 8.14. Dendrogram of the Lealt Steiles Formation by member analysis. 
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5. Dendrogram of the Lealt Shales Formation by environn. snt analysis. Fig. 8.1 
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Dendrogram using Average Linkage (Between Groups) & squared euclidean measure 
Rescaled Distance Cluster Combine 
CAS E05 10 15 20 25 















































































Average Linkage (Between Groups) & squared euclidean measure 
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Fib;. 8.17. Dendrogram of the Duntulm Formation by environ, Tent analysis. 
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Fig. 8.18. Dendrogram of the Duntulm Formation by lithofacies analysis. 
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Fig. 8.19. Dendrogram of the StaffIn Bay Formation by member analysis. 
362 
Dendrogram using Average Linkage (Between Groups) & squared euclidean measure 
Rescaled Distance Cluster Combine 

























UOB22 13 C2 
UOB17 9 
BS2 16 C 
UOB13 6 
UOB14 18 
------------------------------- UOB8 22 
UOB9 23 
UOB7 21 
UOB11 4 Cl 
UOB12 5 








BS4 43 B 
BS5 44 
BS6 45 










9.0 FACTOR ANALYSIS,., ý. ý .rý. 
Factor analysis (FA) has been carried out on the whole dataset and on each of the 
major formations (Bearreraig Sst., Lealt Shales, Duntuhn, and Staffin Bay) using only 
the combined variables set (kerogen and palynomorph groups combined), as when the 
individual variable groups are entered the results are very similar to those derived from 
the combined analysis. The objective of using FA has been to summarise the main 
sources of variation within the different divisions of the dataset (whole and formation 
specific). The identity of these main sources of variation, or 'factors' has been 
determined using both the established trends in palynofacies parameters (section 2.4) 
and by comparing the variable loadings on the derived factors with those generated by 
stepwise Discriminant Function Analysis (Chapter 8.0). Where the latter comparison is 
possible, and there are several variables common to both, crossplots of the ranked 
factor loadings and Wilks' lambda values have been used; ranking was found to achieve 
better results than using the actual values, which show a large difference in magnitude 
between the factor loadings and the Wilks' lambda values. Normalising the two sets of 
values (to the maximum in each) was also attempted, but the resulting correlations 
were poor, mostly due to the highest Wilks' lambda value being far greater than the 
rest, compared to the more gradual changes in the factor loadings. 
The factors are considered in a stratigraphic context in section 10.3. 
9.1 Eigenvalues (Percentage of Variance) 
Table 9.1 shows the percentage of variance accounted for by each factor in all the 
analyses. In the whole dataset and in the Lealt Shales Formation Factor 1 is twice 
Factor 2; in the other analyses the difference between these two factors is ca. 33% 
(relative). In all cases the % of variance attributable to Factors 3 and 4 are very similar 
to each other. The cumulative percentage of variance (i. e. Factors 1 to 4) explained is 
also similar, only falling below 50% in the Lealt Shales Formation; the maximum 
(54%) occurs for the Staffin Bay Formation data. 
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9.2 Factor Loadings and the Identification of Factors 
Only factor loadings greater than ± 0.4 are considered significant (cf. Chapter 3.0), but 
the full list of factor loadings is given in Appendix 9.1. Data closure effects are 
endemic when dealing with factors based on percentage variables, and the parameters 
thus often occur in complementary pairs/groups; data closure effects are unavoidable 
where there are only two components in a particular subset, e. g. black equant vs. lath 
wood, thin- vs. thick- walled spores, and pollen vs. spores (of sporomorphs). When 
one of these paired parameters has a positive loading it is almost certain that the other 
is negative. However, closure effects can also manifest themselves where there are 
more components; often one component shows little variation leaving the other two 
components. to exhibit inverse correlation (e. g. the non-biostructured; brown wood 
fraction where the pseudoamorphous component is usually low and stable leaving the 
undegraded and corroded components to show closure effects). 
9.2.1 Whole Dataset 
Factor 1: 23.6% ofvariance (Fig. 9. la) 
The variables with a high negative loading suggest a degraded, mixed phytoclast 
assemblage dominated by brown wood, characteristic of more near shore/proximal 
high terrestrial input settings, whilst the positively loaded variables characterise more 
distal environments where some selective preservation has taken place. Botryococcus 
may not plot on the negative side of the factor due to dilution of this particle type by 
the high sporomotph input in more proximal settings, although the reason may in part 
be preservational. Comparison of the variables with those derived from stepwise DFA 
carried out on the whole dataset (section 8.3.1) shows that several variables from these 
lists are present; those used in the stepwise discrimination of formation and 
environment are particularly common (Table 9.2). The %undegraded/non- 
biostructured brown, and %striate/biostructured brown wood show a high rank in both 
methods. Figures 9.2 and 9.3 show that there is a reasonable correlation between the 
ranks of some of the common variables in the Factor 1 and formation list comparison, 
and that in the Factor 1 and environment comparison there is a very good correlation 
between the ranks. The factor is named as proximal-distal, but seems to be 








































































Factor 1 and formation Ranks Factor I and environment Ranks 
Undegraded/ 1/1 Undegraded/ 1/2 
non-biostructured brown wood non-biostructured brown wood 
Striate/ 4/4 Striate/ 4/1 
biostructured brown wood biostructured brown wood 
Bisaccates/ 6/3 Brown wood/ 2/4 
pollen h oclasts 
Botryococcur/ 11/2 Bisaccates/ 6/3 
palynomorphs pollen 
Membranes/ 1415 Phytoclasts/ 9/5 
phytoclasts kerogen 
Spores/ 17/6 Bobyococcus/ 11/6 
s romo hs palynomorphs 
Banded/ 10/7 Spores/ 17/7 
biostructured brown wood s romo hs 
Biostructured/ 7/8 Black wood/ 18/8 
brown wood h oclasts 
Brown wood/ 2/9 
phytoclasts 
Table 9.2. Common variables in both the factor loading and stepwise DFA analyses, 



















°. 6striate/biostructured brown wood 
" 
%brown wood/phytoclasts 
Undegraded/non-biostructured brown wood " 
0" 
0246a 1o 
Stepwise DFA by Formation 
Fig. 9.2. Cross plot of variables for Factor 1 and those selected by stepwise DFA for 










iate/biostructure rown wood 
" 
%brown wood/phytoclasts 
trade on-biostructured br8wn wood 
246k 
%black w pdg /phytocl its 
%spores/sport rphs 
Rsq = 0.8098 
Stepwise DFA by environment 
Fig. 9.3. Cross plot of variables for Factor 1 and those selected by stepwise DFA for 
environment, all data. Ranked low to high according to loadings and Wilks' lambda 
values. 
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Factor 2: 11.6% ofvariance (Fig. 9.1b) 
The negatively loaded variables suggest reducing conditions in a lowered salinity 
setting, also a potentially distal/low terrestrial input association. The positively loaded 
variables may indicate more proximal (higher energy) conditions of more normal 
marine salinities. The pattern seen may also reflect lithological changes as the 
positively loaded variables are also characteristic of coarser grained sediments. Again 
variables from the whole dataset stepwise lists are present; the palynomorph group 
variables on this factor seem to relate to those selected in the stepwise discrimination 
of environment. Factor named as salinity/preservation. 
Factor 3: 9.8% ofvariance (Fig. 9.1c) 
The negatively loaded variables suggest a more proximal setting than the positively 
loaded variables which suggest more marine conditions, with a potential selective 
preservation of striped material in the latter. The presence of thick-walled spores on 
the positive side of the factor seems to be anomalous, but this particle type is present 
with high levels of marine plankton in the more proximal part of the Duntulm 
Formation (section 10.2.3). This factor may reflect salinity changes rather than a 
simple proximal distal effect. This seems likely as variables from the stepwise 
discrimination of environment list are also present. Factor named as marine vs. non- 
marine. 
Factor 4: 7.2% of variance (Fig. 9.1d) 
The negatively loaded variables suggest significantly reducing conditions in a more 
distal setting/finer grained lithology with more normal marine conditions, whereas the 
positively loaded variables suggest proximal/coarser grained sedimentation. The 
loadings may also suggests a difference in environmental energy as this effects 
lithology, redox and sorting of the particles. Factor named as proximal-distal/energy. 
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9.2.2 The Formations 
The Bearreraig Sandstone Formation 
Factor 1: 19.9% of variance (Fig. 9.4a) 
The negatively loaded variables characterise a relatively proximal assemblage 
dominated by degraded non-biostructured brown wood, whilst the positively loaded 
variables suggest a distal setting with some selective preservation of biostructured 
brown and undegraded non-biostructured brown wood. However, the association of 
pseudoamorphous phytoclasts and spores (of sporomorphs) in the distal variables 
group is not what would normally be expected. The presence of pseudoamorphous 
material suggests enhanced preservation of this particle type in distal settings within 
this formation (it associates with AOM in Factor 4). The presence of spores of 
sporomorphs may be due to data closure with pollen of sporomorphs, or it may reflect 
the relatively increased levels of spores found in the top part of the Dun Caan Shales 
Member with a refractory phytoclast assemblage (section 10.2.1). Comparison of the 
variables with those selected in the stepwise DFA (section 8.3.2) shows that there is 
most relationship with those variables in the proximal-distal lists; the three highest rank 
variables are similar and there is a good correlation between the rankings (Table 9.3 & 
Fig. 9.5). Factor named as proximal-distal, relating to all the variables. 
Factor 2: 14.4% of variance (Fig. 9.4b) 
The positively loaded variables suggest preservation of certain particle types (striate 
wood, pseudoamorphous and membranes) potentially in a distal setting, whilst the 
negatively loaded variables suggest preservation of different phytoclast types in a more 
proximal setting. The presence of thick-walled spores on the positive side of the factor 
may again reflect values found in the top part of the Dun Caan Shales Member where 
an assemblage of this type is seen (section 10.2.1). The preservational effects which 
characterise this factor may also be due to lithological effects: the more refractory 
assemblages suggested by the negatively loaded variables are more likely to be found 
in coarser grained sediments. Factor named as selective preservation, relating only to 



































































































Black wood/ 12/5 
phytoclasts 
Table 9.3. Common variables for Factor 1 and stepwise DFA for proximal-distal 'IF 
classification, Bearreraig Sandstone Formation. The Ist rank is for factor 









%wrrod rrbfosWctured brown vwod 
m-biostructured/brown vwod 
1234 
Stepwise DFA by probmal-distal 
Rsq " 0.6089 
Fig. 9.5. Cross plot of variables for Factor I and those selected by stepwise DFA for 
proximal-distal, Bearreraig Sandstone Formation. Ranked low-high according to 
loadings and Wilks' lambda values. 
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Factor 3: 8.1% of variance (Fig. 9.4c) 
The variable loadings on this factor suggest a potential salinity control on assemblages. 
The correlation between sporomorphs and dinocysts also suggests a potential 
lithologic control, the marine plankton assemblages of coarser grained sediments being 
more likely to be dominated by dinocysts (Chapter 4.0). This may also suggest that the 
degradation of biostructured brown wood is occurring during transport to these higher 
salinity (_ ? more distal) sediments. Factor named as salinity, relating to the 
palynomorphs. 
Factor 4: 7.8% of variance (Fig. 9.4d) 
The negatively loaded variables suggest preservation of AOM and pseudoamorphous 
phytoclasts together with selective preservation or increased input of banded 
biostructured wood, a potential indicator of distal conditions. The presence of 
phytoclasts on the positive side of the factor also suggests that the negatively loaded 
variables reflect distal conditions. Factor named aspreservation. 
Lealt Shales Formation 
Factor 1: 20.2% of variance (Fig. 9.6a) 
The positively loaded variables suggest a proximal setting with high phytoclast and 
sporomorph input, whilst the negatively loaded group suggests a more distal 
assemblage with some selective preservation of black and undegraded non- 
biostructured brown wood. Note that Botryococcus is found on the negative side of 
the factor probably due to dilution by high sporomorph input in proximal settings, and 
also that non-biostructured brown wood characterises more distal settings whereas the 
opposite is usually the case. This may suggest different input into the system. Factor 
named as proximal-distal, relating mostly to terrigenous input (kerogen variables). 
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Factor 2: 9.6% ofvariance (Fig. 9.6b) 
The positively loaded variables group suggests the effect of limestone-dominated 
lithologies (see Chapter 4.0), where membrane percentages are increased, possibly due 
to concentration in low input settings. This may also suggest that the degradation of 
the biostructured brown wood is due to increased residence time within the system. ' 
The negatively loaded variable group suggest a brown wood-dominated assemblage in 
another lithology, possibly one that is silt-dominated. Factor named aslithology. 
Factor 3 (9% of variance) (Fig. 9.6c) 
The positively loaded variables suggest normal salinity in a relatively proximal setting. 
The correlation between black lath-shaped wood and bisaccate pollen grains suggests a 
more distal setting for the negatively loaded variables. This variation may be related to 
environmental energy. Factor named as energy. 
Factor 4: 7.5% of variance (Fig. 9.6d) 
The positively loaded variables suggest a relatively high salinity environment in a distal 
setting. The negatively loaded variables suggest more proximal/less marine conditions. 
Factor named as salinity. 
The Duntulm Formation 
Factor 1: 21.2% of variance (Fig. 9.7a) 
The positively loaded variables group suggests a reduced salinity, relatively proximal 
setting, also showing the possible influence of lithology (black wood), with potential 
selective preservation of banded and pitted biostructured brown (and perhaps also 
black) wood in a relatively high energy setting. The negatively loaded variables suggest - 
a more normal marine salinity with increased brown wood content, and potential 
selective preservation of striate and striped biostructured wood. Comparison with the 
stepwise variable lists shows that there are particular similarities in the palynomorph 
group between the factor loadings and the environment and biofacies variables, but the 
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Pollen/ orömo hs 3/2 
Marine plankton/palynomorphs 511 
Dino cysts/marine plankton 10/3 
S oromo hs/ al omo hs 6/8 
Banded/biostructured brown wood 2/7 
ý, t 
B anded/bio structured brown wood 12/7 
Table 9.4. Common variables for in Factor 1 and stepwise DFA for environment, 
Duntulm Formation. The Ist rank is for factor analysis, the 2nd rank for stepwise 
DFA. 
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Factor 2: 14.9% ofvariance (Fig. 9.7b) 
The positively loaded variables group suggests distal/finer grained fiLcies 'with 
sufficiently reducing conditions to preserve AOM and also' exhibiting potential 
selective preservation of biostructured brown and undegraded non-biostrüctured 
brown wood. The positively loaded variables group suggests relatively proximal, ' 
possibly coarser grained sedimentation. Factor named as proximal-distal. 
Factor 3: 8.9% ofvariance (Fig. 9.7c) 
The positively loaded variables group suggests preservation of pseudoamorphous 
phytoclast particles and undegraded biostructured brown wood in a relatively proximal 
setting. The negatively loaded variables suggest potential selective preservation of 
striped biostructured brown wood in a possibly more distal setting (bisaccates of total 
pollen), with the degradation of the biostructured wood potentially being due to 
extended transport. Factor named as selective preservation. 
Factor 4: 6.2% ofvariance (Fig. 9.7d) 
The positively loaded variables from this factor suggest a limestone-dominated 
association (see Chapter 4.0). The negatively loaded variables are probably due to data 
closure. Factor named as lithology. 
Staffin Bay Formation 
Factor 1: 19.1% ofvariance (Fig. 9.8a) 
The positively loaded variables from this factor suggest preservation of non-refractory 
phytoclast types, possibly in a relatively proximal marine setting; further examination 
shows that these variables are associated in the fine grained sediments of the Upper 
Ostrea Member (c£ section 10.2.4). The negatively loaded variables group suggests a 
more refractory phytoclast assemblage in a potentially more distal but less marine 
setting, and further examination reveals that this variable association is found in the 
Belemnite Sands Member. This was deposited in a relatively more distal setting 
(reflected in the black lath wood category), but is coarser grained (reflected in the 
















































































Comparison with the stepwise variables lists shows that the environment DFA 
variables are most common in the factor loadings. Factor named as 
environment/member. +ý 1,. 
Factor 2: 13.8% of variance (Fig. 9.8b) 
The positively loaded variables association suggests a potentially refractory phytoclast 
assemblage with selective preservation of biostructured brown and pitted biostructured 
brown wood, associated with a palynomorph-rich kerogen assemblage. The negatively 
loaded variables suggest a more proximal setting with less refractory particle types 
dominant. Factor named as proximal-distal. 
Factor 3: 11.9% ofvariance (Fig. 9.8c) .ý 
The positively loaded variables suggest preservational effects allowing less refractory 
particles to be present, and the presence of black wood and bisaccates suggests that 
this may be taking place in more distal settings/finer grained lithologies. The negatively 
loaded variables suggest a more proximal setting, or perhaps the effect of a coarser 
grained lithology. The presence of thick-walled spores on the positive side of the factor 
is probably due to data closure. Factor named as preservation. 
Factor 4: 9.5% of variance (Fig. 9.8d) 
The positively loaded variables suggest a correlation between banded biostructured 
wood, spores of sporomorphs and Callialasporites of pollen; this may occur in 
proximal/higher energy facies, the presence of the banded particles suggesting selective 
preservation. The negatively loaded variables suggest possible selective preservation of 
striped biostructured wood in relatively distal settings, although both variables on this 
side of the factor may be due to co-variance. Factor named as selective preservation. 
386 
9.3 Comparison 
Due to the large amount of data closure the variables which characterise each factor 
have been expressed only as the 'type' of parameters which encompass the variation on 
each factor, such as biostructured brown wood type, brown: black wood ratio, marine 
plankton type etc. (Table 9.5). Comparison of the factor identities shows that 
proximal-distal is the most common, occurring six times in total, and three times as 
Factor 1. Salinity variation occurs five times in one form or another, but only once on - 
Factor 1. Preservation and lithology occur three times each. The occurrence ° of 
freshwater-marine and environment-member as the first factor in the Duntulm and 
Staffin Bay formations (respectively) suggests a locally elevated importance for these 
factors. Proximal-distal variation seems to be the most important factor overall. 
When the variable types which characterise the proximal-distal factors are compared it 
appears that the most important variables are those from within the brown wood 
fraction, with both the type of brown wood (biostructured or non-biostructured) and 
the type of non-biostructured brown wood (undegraded, corroded, - or _ 
pseudoamorphous) occurring on 4/6 factors. In the case of the salinity factors 
palynomorph type (sporomorph, marine plankton, or Botryococcus) and marine 
plankton type (dinocyst or acritarch) are present on 3/5 factors. These variables, 
presumably encompass much of the variation due to proximal-distal or salinity 
changes. 
Comparison of the variable types which occur on Factor 1 shows that in all five of the 
analyses phytoclast type (brown wood, black wood, membranes, or cuticle) shows 
variation; non-biostructured brown wood and sporomorph type vary in 3/5 Factor-1 
loadings. In the case of Factor 2, black wood type and biostructured brown wood 
type 
vary in 3/5 analyses. This suggests that a significant proportion of the variance within 
the datasets is likely to be occurring within these variables. 
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Factor analysis has proved useful in summarising the main sources of variation within 
the datasets; these seem to be proximal-distal setting and palaeosalinity variation. 
However, while proximal-distal can relate to terrestrial input, environmental energy, 
and salinity variation, palaeosalinity variation need not necessarily relate to proximal- 
distal salinity changes. Other factors can also be of increased importance 'locally., The 
variables which best reflect the two main controls tend to come from within the brown 
wood category (proximal-distal) and major palynomorph type category 
(palaeosalinity). However, there are problems with FA, mostly related to the data 
closure effects inherent in the dataset, meaning that when one component is high the 
other has to be low, making it difficult to discover which parameter is truly, varying. 
This means that the identification of the factors by their loadings c°z be difficult as 
some variables are likely to be present due to closure effects; this can complicate the 
identification of factors which are often already composite, although comparison with 
the variables selected in stepwise DFA can aid in assigning factor identities. However, 
this is not always possible, as in many cases there is not a sufficiently large number of 
variables in common. 
One potential way to limit the effects of data closure is to log transform the data; this, 
was tested using the Staffin Bay Formation dataset. Simple log (base : 10) 
transformation reduces the skewness of the dataset (i. e. reduces the importance of 
extreme values; Kovach, 1993). Factor analysis carried out on the log transformed data yf_ 
produced virtually the same results as for the non-transformed dataset, with closure 
effects just as endemic. A more advanced form of data transformation is logratio 
transformation, which replaces the proportions with the 'log of the ratio between -the 
proportion and the geometric mean of the sample' (Kovach & Batten, 1994, p. 392). 
Factor analysis carried out on this logratio transformed data produced very different 
results to those of the non-transformed data (c£ Kovach & Batten, ibid. ), but data , 
closure effects were still present, although less marked. This may suggest that the data 
should be logratio transformed before factor analysis is performed; however, this was 
not carried out because of the desire to keep the statistical treatment as simple and as 















3 -0.5 phy/ker -0.7 0.2 -0.5 0.4 
paly/ker 0.5 0.4 0.3 0.1 
stria/bstr -0.7 -0.3 -0.2 -0.1 stripe/bstr 0.3 0.3 0.4 0.0 
ban/bstr 0.6 0.2 -0.2 0.2 
pit/bstr 0.4 -0.1 0.0 0.1 
lath/bik 0.1 -0.6 0.0 -0.4 eq/blk -0.1 0.6 0.0 0.4 









-0.4 psu/nbstr -0.3 -0.3 0.0 -0.2 cu/phy 0.4 -0.3 -0.2 0.3 




















































tp/sporo -0.5 -0.5 0.4 -0.2 din/mp -0.4 0.4 0.3 -0: 4 
ac/mp 0.3 -0.6 70.1 0.0 
tas/mp 0.0 0.0 -0.1 0.2 lei/mp 0.0 0.1 0.1 0.0 
Table 9.6. Complete factor loadings for the whole dataset analysis. Key to 
abbreviations in Table 9.11. 
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Bearreraig Sandstone Formation 
Variable Factorl Factor2 Factor3 Factor4 
foram/ker 0.2 -0.1 0.0 -0.1 
AOM/ker 0.4 -0.1 -0.3 -0.7 
phy/ker -0.5 0.3 0.3 0.5 
paly/ker 0.3 -0.6 0.0 0.3 
stria/bstr 0.0 0.8 0.1 0.3 
stripe/bstr 0.1 -0.6 -0.3 -0.2 
ban/bstr 0.0 -0.5 0.4 -0.4 
pit/bstr -0.1 -0.3 -0.3 0.2 
lath/blk 0.1 0.7 0.2 -0.3 
eq/blk -0.1 -0.7 -0.2 0.3 
blk/phy 0.5 -0.6 0.1 -0.2 
br/phy -0.6 0.6 -0.2 0.3 
co/nbstr -0.7 -0.3 -0.1 0.3 
un/nbstr 0.8 -0.1 0.0 0.1 
psu/nbstr 0.5 0.4 0.1 -0.5 
cu/phy -0.2 0.2 0.2 0.0 
mem/phy 0.1 0.7 0.0 0.0 
bstr/br 0.8 0.0 0.1 0.3 
nbstr/br -0.8 0.0 -0.1 -0.3 
un/bstr 0.2 -0.4 0.7 0.0 
deg/bstr -0.2 0.4 -0.7 0.0 
bot/pal 0.2 0.1 0.2 0.2 
undif/pal 0.0 -0.2 0.2 0.6 
mp/pal 0.1 0.1 0.4 -0.3 
sporo/pal -0.1 0.1 -0.5 -0.2 
tnw/sp 0.0 -0.1 0.0 0.3 
tkw/sp 0.4 0.4 0.0 -0.1 
sp/sporo 0.8 0.2 -0.2 0.3 
U PAP -0.7 -0.1 -0.1 -0.2 
cal/tp 0.7 0.3 -0.1 0.1 
cer/tp 0.1 0.2 0.1 0.1 
bis/tp 0.6 0.0 0.1 0.2 
tp/sporo -0.8 -0.2 0.2 -0.3 
din/mp 0.4 -0.1 -0.5 0.0 
ac/mp -0.4 0.2 0.5 0.0 
tas/mp -0.1 -0.2 0.1 0.1 
Table 9.7. Complete factor loadings for the Bearreraig Sandstone Formation analysis. 
Key to abbreviations in Table 9.11. 
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Lealt Shales Formation 
Variable Factorl Factor2 Factor3 Factor4 
AOM/ker -0.8 -0. 2 -0. 2 0.0 
phy/ker 0.6 0. 4 0.0 _0.2 paly/ker 0.7 -0.2 0.3 0,2 
stria/bstr 0.0 0.2 -0.1 0.1 
stripe/bstr 0.0 -0.1 -0.2 0.0 ban/bstr -0.1 0.0 0.2 -0.3 
pit/bstr 0.2 -0.2 0.1 0.5 
lath/blk -0.2 0.1 -0.4 0.0 
eq/blk 0.2 -0.1 0.4 0.0 
blk/phy -0.5 -0.1 0.1 0.0 
br/phy 0.3 -0.5 0.0 -0.1 
co/nbstr 0.7 0.2 0.3 -0.1 
un/nbstr -0.7 -0.3 -0.3 0.0 
psu/nbstr -0.3 0.4 0.0 0.3 
cu/phy 0.4 0.1 -0.3 -0.4 
mem/phy -0.2 0.5 0.4 0.3 
bstr/br 0.8 0.1 -0.2 0.1 
nbstr/br -0.8 -0.1 0.2 -0.1 
un/bstr 0.3 -0.7 0.2 0.2 
deg/bstr -0.3 0,7 _0,2 -0.2 bot/pal -0.7 0.2 -0.3 0.2 
undif/pal -0.2 0,1 0.5 -0.2 
mp/pal -0.2 -0.3 0.7 -0.1 
sporo/pal 0.7 -0.1 -0.2 -0.1 tnw/sp -0.1 0.0 0.1 
tkw/sp 0.2 0.5 -0.2 -0.2 
sp/sporo 0.6 -0.1 -0.2 -0.1 
up/tp -0.2 0.1 0.5 -0.7 
cal/tp 0.3 0.1 0.0 0.1 
cer/tp 0.4 -0.2 -0.1 -0.2 bis/tp 0.1 -0.1 -0.5 0.7 
tp/sporo -0.6 0.1 0.2 0.1 
din/mp 0.0 0.3 0.5 0.6 
ac/mp -0.3 -0.4 -0.4 -0.5 tas/mp 0.0 0.1 0.1 0.1 
Table 9.8. Complete factor loadings for the Lealt Shales Formation analysis. Key to abbreviations in Table 9.11. 
393 
Duntulm Formation 
Variable Factorl Factor2 Factor3 Factor4 
foram/ker -0.3 0.0 -0.2 0.2 
AOM/ker -0.3 0.6 0.3 -0.3 
phy/ker 0.3 -0.8 -0.1 -0.1 
paly/ker 0.0 0.5 -0.2 0.6 
stria/bstr -0.6 -0.2 0.2 -0.1 
stripe/bstr -0.5 0.1 -0.4 0.1 
ban/bstr 0.8 -0.1 0.2 0.1 
pit/bstr 0.5 0.3 0.2 -0.2 
lath/blk -0.1 0.6 0.0 -0.5 
eq/blk 0.1 -0.6 0.0 0.5 
blk/phy 0.6 0.1 0.4 0.1 
br/phy -0.8 -0.1 -0.2 -0.2 
co/nbstr -0.4 -0.6 -0.4 -0.1 
un/nbstr 0.5 0.7 0.2 0.2 
psu/nbstr -0.3 0.1 0.6 0.0 
cu/phy 0.5 -0.1 -0.4 0.0 
mem/phy 0.2 0.3 -0.2 0.4 
bstr/br 0.5 0.5 -0.3 0.1 
nbstr/br -0.5 -0.5 0.3 -0.1 
un/bstr 0.4 0.3 0.5 0.0 
deg/bstr -0.4 -0.3 -0.5 0.0 
bot/pal 0.6 -0.3 -0.3 -0.2 
undif/pal -0.4 0.1 0.3 0.2 
mp/pal -0.7 0.3 0.0 0.5 
sporn/pal 0.7 -0.3 0.0 -0.5 
tnw/sp 0.4 0.3 0.0 -0.2 
tkw/sp -0.3 -0.3 0.1 0.1 
sp/sporo 0.8 -0.3 -0.2 0.2 
up/tp 0.0 -0.6 0.6 0.2 
cal/tp 0.0 0.4 -0.2 0.0 
bis/tp 0.0 0.5 -0.5 -0.2 
tp/sporn -0.8 0.3 0.2 -0.2 
din/mp -0.6 0.3 0.2 0.1 
ac/mp 0.2 -0.2 0.1 0.1 
tas/mp 0.1 -0.1 0.0 0.2 
lei/mp -0.1 0.0 0.4 -0.1 
Table 9.9. Complete factor loadings for the Duntulm Formation analysis. Key to 
abbreviations in Table 9.11. 
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Staffin Bay Formation 
Variable Factorl Factor2 Factor3 Factor4 











stripe/bstr 0.3 -0.1 -0.2 -0.7 ban/bstr -0.6 0.0 -0.2 0.5 
pit/bstr -0.1 0.5 0.2 0.4 
lath/blk -0.5 0.3 0.3 -0.1 eq/blk 0.5 -0.3 -0.3 0.1 blk/phy -0.4 -0.3 0.5 0.3 
br/phy 0.3 0.2 . -0.6 -0.4 
co/nbstr 0.8 -0.2 -0.3 0.2 
un/nbstr -0.8 0.3 0.2 -0.3 











bstr/br 0.2 0.7 -0.4 -0.1 
nbstr/br -0.2 -0.7 0.4 0.1 
un/bstr -0.8 0.2 0.0 0.0 
deg/bstr 0.8 -0.2 0.0 0.0 















tnw/sp -0.3 0.2 -0.5 0.1 
tkw/sp 0.3 -0.2 0.5 -0.1 
sp/sporo -0.1 -0.4 -0.3 0.7 
up/tp -0.2 -0.5 -0.5 -0.4 
cal/tp 0.5 0.5 0.0 0.4 
cer/tp -0.5 0.0 0.2 0.0 
bis/tp 0.3 0.4 0.5 0.3 
tp/sporo 0.1 0.4 0.3 -0.7 din/mp -0.2 -0.5 -0.1 -0.3 
ac/mp 0.2 0.5 0.1 0.3 
p« 
Table 9.10. Complete factor loadings for the Staffin Bay Formation analysis. Key to abbreviations in Table 9.11. 
Inc 
Key: 
foram/ker = %foraminiferal linings of kerogen 
AOM/ker = %AOM of kerogen 
phy/ker = %phytoclasts of kerogen 
paly/ker = %palynomorphs of kerogen 
stria/bstr = %striate of biostructured brown wood 
stripe/bstr = %striped of biostructured brown wood 
ban/bstr = %banded of biostructured brown wood 
pit/bstr = %pitted of biostructured brown wood 
lath/blk = %lath of black wood 
eq/blk = %equant of black wood 
blk/phy =% black wood of phytoclasts 
br/phy = %brown wood of phytoclasts 
co/nbstr = %corroded of non-biostructured brown wood 
un/nbstr = %undegraded of non-biostructured brown wood 
psuLi/nbstr = %pseudoamorphous of non-biostructured brown wood-.. 
cu/phy = %cuticle of phytoclasts 
mem/phy = %membranes of phytoclasts 
bstr/br = %biostructured of brown wood 
nbstr/br = %non-biostructured of brown wood 
un/bstr = %undegraded of biostructured brown wood 
deg/bstr = %degraded of biostructured brown wood 
bot/pal = %Botryococcus of palynomorphs 
undif/pal = %undifferentiated of palynomorphs 
mp/pal = %marine plankton of palynomorphs 
sporo/pal = %sporomorphs of palynomorphs 
tnw/sp = %thin-walled of spores 
tkw/sp = %thick-walled of spores 
sp/sporo = %spores of sporomorphs 
up/tp = %unidentified of pollen 
cal/tp = %Ca//ia/asporites of pollen 
cer/tp = %Cerebropollenites of pollen 
bis/tp = %bisaccates of pollen 
tp/sporo = %pollen of sporomorphs 
din/mp = %dinocysts of marine plankton 
ac/mp = %acritarchs of marine plankton 
tas/mp = %Tasmanites type of marine plankton 
lei/mp = %leiospheres of marine plankton 




10.0 STRATIGRAPffiC TRENDS INPARAMETERS' 
10.1 Mean Trends through the Middle Jurassic Succession 
The succession examined has been subdivided into the lowest order stratigraphic 
divisions available (either formation or member). The mean values of selected 
parameters for each of these units have been calculated and plotted to allow 
examination of large scale changes in a (sequence) stratigraphic context. 
10.1.1 Trends through the Sequences of Morton 
Selected parameter values have been examined in terms of the sequences of Morton 
(1989; section 1.9); the changes in these parameters are summarised in Tables 10.1, to 
10.3. Some of the trends reflect local changes in lithology or facies, or sampling bias 
(e. g. Elgol Sandstone Formation where only the shaley base was sampled); however, 
there are trends in some parameters that are common to many of the regressive minor 
sequences or transgressive sequence boundaries. 
The black equant: lath wood ratio shows an increase in equant particles in all five 
minor regressive sequences (no other parameter does this), but two other parameters 
show consistent trends through three of the sequences: %AOM (decreasing) and the 
phytoclast preservation index (increasing). Although not applicable to all five 
sequences, the spore: bisacccate ratio shows increasing spore content . 
in 4/4 of the 
minor regressive sequences to which it is applicable, marine plankton percentages 
decrease in 3/4, and the acritarch: dinocyst ratio increases in 2/3. The changes seen in 
these palynomorph parameters reflect the coarsening-upwards, distal-proximal, 
marine-marginal marine nature of the regressive sequences. 
The black equant: lath wood ratio decreases over four out of the five transgressive 
sequence and minor sequence boundaries examined; several other parameters show 
similar changes over the same four boundaries (Table 10.4). The parameters reflect the 
more argillaceous, distal, and marine nature of the sediments deposited above the 
sequence boundary compared to those below it. The E1-E2 boundary, is anomalous, 
the unrepresentative nature of the samples from the Elgol Sandstone Formation (which 
is at the top of minor sequence El) masking any signs of significant regression. The 
trends seen through the transgressive sequence (F) reflect the change from argillaceous 
to coarse grained siliciclastic-dominated sediments in a distal direction. 
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Major sequence Overall parameter change Values % relative { difference 
F AOM decrease 244-5 -79(2) 
Transgressive Phytocla4s increase 42-00 +67(3) 
Coarsens-upwards Palynomogphs decrease 334-25 -24 (5) 
PPI decrease 5.04-4.9 -2 Beleamite Sands Mbr. A Log browrbladc wood decrease 0-56"- 51 -10 Log biostiucturednon-bio ured brown no doge no no Upper Ostrea Mbr. A Coaoded/non-biostrudured brown decrease 38+-30 -21 "` Log black equant: lath wood increase 0.44-º0.55 +25 (4) Sporomorphs no change 
no , Maine plankton no change n Bot yococcus no change na IIa 
Log es: bisaccates decrease 034--0.1 --0 
233 (1) 
Log unidentified pollewbisaccatesno lunge . na - Log aartarchs: diaocysts no change na na na 
na no 
E AOM decrease 534-1 -98(--4) 
Regressive Phytoclasts increase 45-496 +113(3),, 
Palynomoephs no change na I I. na 
Skudiburgh Fm+. PPI increase 4,4-, &7 +98 (= 4) 
Kilmaluag Fm. + Log brown: bladc wood decrease 0.594- -0.63 -207 (2) Duntuhn Fm+ Log biosiruduredmon-biostrudured bro»n decrease 
-1.51 t- -1.77 -17 Corroded/nan-biostruduredbrown decrease 76+-56 -26 Vahos S. Fm. + Log black equant: lath wood increase 0.1-4.54 +1440 (1) Leak Shales Fm. + Sporomorghs no change na 
Marine plankton decrease 84-1 -88 Elgol Si. Fm+ Bodyococcus increase 
0-410 10 (absolute) Cullaidh Shale Fm. + Log spores: bisaccetes increase 33 91- º -0 -0 
+64 
? Garantiana Clay Mbr. * Log unidentified pollen bisaccates decrease . . -36 Log aaitarths: diaocy sits na 0.67E-0.43 no na 
D AOM increase 15-420 +35 (5) 
Regressive Fhytoclaas decrease 824-73 -11 
Coarsens-upwards Palynomorphs increase 3-47 +135(l) 
PPI no change na na 
Rigg Sst Mbr. * Log brown: black wood decrease 1.144-0.93 -18 . 
Log biostruduredmoa biosuactured brown decrease -1.254- -1.85 -48 (3), Holm S4. Mbr. * Corroded&m4nostrudured brrnm increase 86-*96 +12 
Log blade equaot: lath wood increase 0.22-10.52 +36 (4) Udairn Shales Mbr. * Sporomorpbs no change na 
Magie planklar no doge na 
Ollach Sd. Mbr. * Borryococcus na no 
Dun Caan Shales Mbr. * 
Log spores: bisaccates increase 





Log aaßaufis: d nocysts increase 
1.05-41.25 
+97 (2) 
-0.65 -0 . 
02 
*=p; Bearreraig Sandstone Formation; += Great Estuarine Grou ^= Staffin Bay Formation 
+= relative increase; -= relative decrease; na = not applicable 
Table 10.1. Parameter changes through each major sequence examined; sequences as 
defined by Morton. The parameters showing the greatest magnitude of change in each 
sequence are ranked 1-5 (numbers in parentheses in the last column). 
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Environment C cle Parameter change 
E3 AOM decrease 
Phytoclasts increase 
Alluvial mudflat Skudiburgh Fm., Palynomorphs decrease 
PPI increase 
Log brown: black decrease 
Freshwater lagoon Kilmaluag Fm. Log biostuctured: non-biostructured decrease 
Corroded/non-biostnjctured decrease 
Black equant: lath increase 
Marine-brackish Duntulm Fm. Sporomorphs increase 
lagoon Marine plankton decrease 
Botryococcus increase 
Log sores: bisaccates increase 
E2 AOM decrease 
Phytoclasts increase 
Palynomorphs decrease 
Deltaic Sandbody Valtos Sst. Fm. Log biostuctured: non-biostructured increase 
`Log black equant: lath increase 
Fresh-brackish Lonfeam Mbr. Marine plankton decrease 
lagoon Log spores: bisaccates increase 
Log unidentified pollen: bisaccates increase 
Fresh-brackish Kildonnan Mbr. 
la noon 
El Palynomorphs increase 
PPI increase - 
Deltaic Sandbody " Elgol Sst. Fm. Log biostuctured: non-biostructured increase 
Log black equant: lath increase 
Marine plankton decrease 
Anoxic Basin Cullaidh Shale Botryococcus increase 
Fm. Log unidentified pollen: bisaccates decrease 
Stagnating Basin ? Garantiana Clay 
Mbr. 
D2 Palynomorphs decrease 
Log biostuctured: non-biostructured decrease 
Open marine' Rigg Sst. Mbr. Log black equantaath Increase 
Log unidentified pollen: bisaccates increase 
Log acritarchs: dinocysts increase 
Open marine Holm Sst. Mbr. 
Open marine Udaim Shales 
Mbr. 
D1 AOM decrease 
Palynomorphs Increase 
Open marine Ollach Sst. Mbr. Log brown: black decrease 
Log biostuctured: non-biostructured Increase 
Log black equant: lath increase 
Open marine Dun Caan Shales 
Mbr. 
Table 10.2. Selected parameter variation through each regressive cycle in the 
sequence examined. Only those parameters showing greater than 25% relative change 
have been considered Cycles after Morton. 
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Environment Boundary Parameter change 
Alluvial mudflat- E3-F AOM increase 
transgressive Phytodasts decrease 
lagoon-barrier bar Skudiburgh- Palynomorphs increase 
complex Staffin Bay fms. PPI decrease 
Log brown: black increase 
Log biostuctured: non-biostructured increase,. 
Corroded/non-biostructured decrease 
Log black equant: lath decrease 
Marine plankton increase 
Botryococcus decrease 
Log spores: bisaccates increase 
Log unidentified pollen: decreases 
Deltaic sandbody E2-E3 AOM increase 
transgressed by Log brown: black increase 
marine-brackish Valtos Sst. - Corroded/non-biostructured increase lagoon. Duntulm fms. Log black equant: lath decrease 
Marine plankton increase 
Botryococcus decrease 
Log spores: bisaccates decrease 
Log unidentified pollen: increase NE 
Deltaic sandbody E1-E2 ACM decrease 
transgressed by Palynomorphs increase 
fresh-brackish Elgol Sst. - Log biostuctured: non-biostructured increase lagoon Lealt Shales fms. Marine plankton increase 
Log unidentified pollen: bisaccates increase, - 
Log acritarchs: din sts increase 
Tidal-subtidal sand D2-E1 AOM increase 
transgressed by Phytoclasts decrease 
basin stagnation Rigg Sst. Fm. - Palynomorphs decrease 
sequence ? Garantiana Clay Log brown: black decrease 
Mbr. Log black equant: lath decrease 
Marine plankton increase 
Log spores: bisaccates decrease 
Log unidentified pollen: bisaccates decrease 
Lo acritarchs: dinoc sts decrease 
Tidal-subtidal sand D1-D2 AOM increase 
transgressed by Palynomorphs increase 
marine shale Ollach Sst. - PPI decrease "Y 
Udaim Shales mbrs. Log black e uant: lath decrease 
Table 10.3. Selected parameter variation through each transgressive boundary of the 
sequence examined Only those parameters showing greater than 25% relative 
variation have been considered Boundaries after Morton. 
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Parameter Relative change 
AOM/kero en increase / very large 
Ph oclasts/kero en decrease / moderate 
Pal omo hs/kero en increase / very large 
Phytoclast Preservation Index decrease / minor 
Log biostructured: non-biostructured brown wood increase / moderate 
Corroded/non-biostructured brown wood decrease / minor 
Log black e uant: lath wood decrease / large 
S oromo hs/ al omo hs decrease / minor 
Marine plankton/palynomorphs increase /very large' 
Table 10.4. Parameters which most commonly (4/S cases) show consistent changes 
over transgressive sequence boundaries. Their average relative changes have been 




10.1.2 Trends in Parameters 
Some of the parameters show trends that are independent of the sequences (Fig. =, 10.1). 
Within the E3 regressive cycle the percentage of AOM first increases between the 
Duntulm and Kilmaluag formations, reflecting the change to a restricted lacustrine 
facies. The percentage of phytoclasts shows an overall decrease from the Dunn Caan 
Shales Member to the Lonfearn Member in the middle of the Great Estuarine Group; 
values then increase to the Belemnite Sands Member, reflecting the more coarse 
grained nature of the units which are present in the upper half of the section. - In the 
case of the percentage of palynomorphs, the increase seen through minor sequence El 
continues into the overlying Kildonnan Member which forms the base of the 
subsequent E2 cycle. 
Within the phytoclast fraction the phytoclast preservation index (PPI) shows an overall 
increase from the Kildonnan Member to Skudiburgh Formation, reflecting the overall 
regressive trend, although the values are reasonably stable apart from these two units. 
A similar trend can be seen in the biostructured: non-biostructured brown wood ratio,, 
which shows a sharp decrease between the Udairn Shales and Holm Sandstone 
members (Bearreraig Sandstone Formation). There is a significant increase in the range, 
of the PPI in the Lealt-Kilmaluag interval; this corresponds to an increased variability 
in the %corroded/non-biostructured brown wood, but the decrease after the Kihnaluag 
Formation is not reflected in the %corroded non-biostructured wood. The increased: 
variation in the PPI also seems to be correlated with greater variation in the 
%sporomorphs/palynomorphs. The percentage of corroded non-biostructured brown 
wood shows a decrease from the Rigg Sandstone Member (which marks the top of 
regressive cycle D2) to the Lonfearn Member of the Lealt Shales Formation (middle of 
cycle E2), reflecting an increased input of fresh undegraded wood in the more proximal 
facies which characterise the middle part of the Great Estuarine Group. 
Within the palynomorph fraction the percentage of sporomorphs decreases from the 
Dun Caan Shales to the Lonfearn Member, reflecting the increased contribution from 
other palynomorph types (especially marine plankton and Botryococcus) in the more 
marginal environments of the lower to middle Great Estuarine Group. The_ 
%sporomorphs/palynomorphs then shows an overall increase through the rest of the 
units examined. 
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10.2 Trends through each Major Section 
The parameter trends through the five major sections sampled have been examined in 
the form of stratigraphic plots of sample values. This includes the two from the 
Bearreraig Sandstone, one composite section each from the Duntulm and Staffin Bay 
formations, and one from the Kildonnan Member (Lealt Shales Formation). The 
Lonfearn Member of the Lealt Shales Formation is only commented on briefly because 
the number of samples is too low for a detailed analysis. In sections where there is 
significant palaeosalinity variation presence/absence plots of certain parameters have 
also been used in order to help establish the presence of marine or terrestrial influence 
(Table 1.5). 
10.2.1 Bearreraig Sandstone Formation 
10.2.1 (a) Dun Caan Shales Member, Bearreraig Bay, Skye. 
The majority of the parameters (Figs. 10.2 to 10.4) show a sharp change over the 
proximal-distal transition defined by the change to thinner beds, increase in cephalopod 
fossils and the development of nodular cementation, all suggestive of relative 
stratigraphic condensation. The exception is the percentage marine plankton ' of 
palynomorphs which increases sharply in the upper part of the proximal unit. In terms 
of general overall trends there is an upwards increase in %AOM/kerogen (and thus a 
corresponding decrease in %phytoclasts/kerogen). The phytoclast assemblage, also 
changes: there are upward increases in the PPI, black wood, biostructured brown 
wood, %pseudoamorphous/non-biostructured brown wood, black lath wood, and 
bisaccate pollen. All of these are indicative of an overall distal shift in facies. 
In the proximal unit there is a progressive upwards increase in the percentage of AOM 
and fluorescence, but TOC values decrease upwards in the upper half of the unit. 
These trends are correlated with changes in the phytoclast assemblage, which suggest 
that the upwards decrease in %phytoclastslkerogen may not solely be due to -AOM 
dilution. The changes in the phytoclast preservation index (PPI) suggest that, the 
assemblage is becoming less refractory upwards through this unit; the progressive 
increase in the pseudoamorphous component of the dominant non-biostructured brown 
wood fraction which occurs in the upper half of the unit may reflect enhanced 
preservation of this poorly resistant particle type, due to the gradual shift towards 
dysoxic-anoxic conditions suggested by the trends in AOM and fluorescence. There is 
also a change in the palynomorph assemblage ti'th a relative increase in bisaccate 
408 
Bo ococcus Acritarchs 
Pollen clusters Leio heres 
Spore tetrads Tasmanites tYPe algae 
Well preserved cuticle Foraminiferal limn s 




Macroscopic carbonaceous grains 





Fig. 10.2. Selected parameter values through the Dun Caan Shales Member 






Fig. 10.3. Selected parameter values from the phytoclast group through the Dun 
Cann 
Shales Member (Bearreraig Sst. Fm) type section. 
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Fig. 10.4. Selected parameter values from the palynomorph group through the Dun 
Caan Shales Member (Bearreraig Sst. Fm) type section. 
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01 2345678 0.5 1 1.5 -1 -0.5 0 0.5 1 
%marine plankton/ Log ratio i Udanhtlsd Log relic, 
palynomorphs polsn. blsaccatss sporss: bisaceates 
pollen grains through the unit, particularly the mid-upper part. Together with the AOM 
and fluorescence changes, this may suggest a gradual shill to more distal conditions 
through this unit. 
In the distal unit AOM percentages are higher, but fluorescence values are lower than 
those in the upper part of the proximal unit (perhaps due to more prolonged 
degradation at lower sediment accumulation rates). The increased PPI suggests a more 
refractory phytoclast assemblage, but pseudoamorphous percentages are also increased 
possibly reflecting increased transport distance from the phytoclast source or increased 
preservation. The more distal setting is also reflected in the relatively increased levels 
of bisaccates and marine plankton. 
This proximal unit can be internally divided into two or possibly three palynofacies 
units, a lower unit from 0-2m characterised by large variability in parameter values, a 
middle unit (2 to 5-7m) in which the parameters are mostly stable, but do show some 
significant variability, and an upper unit from 5-7 to 14-15m, where the parameters are 
more uniform, but show progressive change. Combining these with the distal unit 
characterised by a major step from the unit below, and stable 'or progressive change 
within the unit, gives a total of four palynofacies units for this section. The 
palynofacies units are considered further in section 10.3. 
10.2.1 (b) Udairn Shales-Holm Sandstone Member, Bearreraig Bay, Skye. 
The regressive coarsening-upward nature of this section is reflected in the upward 
decrease in TOC and the increase in percentage phytoclasts, non-biostructured brown 
wood, corroded of non-biostructured brown wood, black equant wood, and 
unidentified pollen (Figs. 10.5 to 10.7). The unit boundaries are generally not marked 
by sharp changes in parameter values, apart from the boundary between the two 
members where there is a sharp increase in non-biostructured brown wood, and the 
corroded fraction of this component; this suggests that although the lithological change 
here is gradational, the shift to more proximal conditions is marked by a sharp change 
in some aspects of the phytoclast assemblage. 
The section can be divided into four possible palynofacies units: a lower unit from the 
base to 87-89m characterised by progressive change combined with significant 
variability in the parameters, a unit from 87-89 to 92m where parameter values are 
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Fig. 10.5, Selected parameter values through the middle-upper Udairn Shales to 
lower Holm Sandstone members (Bearreraig Sst. Fm) type section. The number on 






Z ýc is is lz 7z 
2 12 12 12 12 12 
1 11 11 11 11 11 
Ftlm9ýt 
1 11 11 11 11 11 
4 
3 




:: : : g 9 s o- 2 
g 8 8 
. 
E 8 8 
a 8 8 
_ 
8 8 
50607oauffu o 9.9 Ov-, 4 -1 U (U0080100 0 0.5 1 
t e-ägd RR tgo. Ü>b [ 4ymoEloeýOrýd Mmabv ýd LQ"gw* 
N: m tl k. I d ýoNaýOaýtlhuý+ýNmd t. -«d ewnißnw 
0 
Fig. 10.6. Selected parameter values from the phytoclast group through the middle- 
upper Udairn Shales to lower Holm sandstone members (Bearreraig Sst. Fm) type 
section. The number on the right represents the proximal-distal unit, 2= most distal, 
4= most proximal. 
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Fig. 10.7. Selected parameter values from the palynomorph group through the 
middle-upper Udairn Shales to lower Holm Sandstone members (Bearreraig Sst. Fm) 
type section. The number on the right represents the proximal-distal unit, 2= most 
distal, 4= most proximal. 
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change in parameter values, and within which they show progressive change), and an 
upper unit, the base of which is again sometimes characterised by a sharp step. 
10.2.2 Lealt Shales. Formation _.... 
10.2.2 (a) Kildonnan Member, Kildonnan, Eigg. 
In the lower part of the section the limestones and shaley limestones have lower AOM 
percentages and more refractory phytoclast assemblages, but there are also changes in 
the environment category of these beds so it is difficult to be sure whether these are 
only lithological effects (Figs. 10.8 to 10.12). There are also rapid variations in 
parameter values correlated with 'similar lithogical changes in the-upper part of-the 
section, but again the changes in lithology also represent changes in environment. The 
sandstone-dominated lithology of the 'complex bed' (at 7m) is reflected in increased 
percentages of palynomorphs of kerogen and sporomorphs of palynomorphs in the thin 
shales within the sands; the sharp increase in the percentage of membranes of 
phytoclasts in the upper sample from this bed can perhaps be related to the 'dominant 
lithology' effect of the overlying limestone which caps this unit. 
The changes in environment category are generally reflected in sharp changes in certain 
parameters; however, this 'sharpness' could be exaggerated because of the large 
numbers of environment/salinity changes relative to the number of samples., -In 
the 
lower part of the section the freshwater-brackish to brackish transition is reflected in a 
sharp increase in AOM; the %AOM and fluorescence also show a sharp change 
(decrease) at the brackish to marine-brackish transition further up the section, and the 
marine-brackish interval is characterised by low AOM and TOC values throughout. At 
the upper transition from marine-brackish to freshwater-brackish/freshwater there are 
sharp increases in the phytoc parameter, the %phytoclasts/kerogen, 
biostructured/brown wood, and Botryococcus/palynomorphs; there are corresponding 
decreases in the percentage membranes of phytoclasts and marine plankton of 
palynomorphs. 
The marine plankton assemblage has only been examined in detail in the marine- 
brackish environment interv al (beds 6a to lower 6f) where dinocysts achieve : 
100% 
dominance of marine plankton; in the rest of the section the data on assemblages (and 
marine plankton levels) is unreliable due to AOM masking of acritarchs leading to 
significant underestimation of their abundance (evident from fluorescence 
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in dinocyst diversity; as would be expected, dinocyst dominance values show the 
opposite pattern (Fig. - 10.12). These trends suggest that the change both to and from 
marine conditions was gradational rather than abrupt. The ostracod-salinity 
classification suggests a one way salinity gradient of pliohaline to freshwater- 
miohaline. The dinocyst taxa identified show three potential 'phases': a lower phase 
dominated by Durotrigia and Caddasphaera, a second phase where dominance values 
are low and the most abundant dinocyst is Dissiliodinium, and a final phase dominated 
by Batiacasphaera. These changes are not symmetrical like diversity and dominance, 
but show more similarity with the ostracod salinity gradient. 
The presence/absence diagram for the section (Fig. 10.13) shows that outside of the 
marine interval most dinocysts are only tentatively identified (Tdinocysts'), short-spined 
acritarchs are ubiquitous and abundant, and long-spired acritarchs are restricted 
(mostly) to the lower part of the section. Pollen clusters are apparently restricted in 
their occurrence to zones dominated by freshwater and freshwater-brackish 
environments. 
The changes in salinity category are often correlated with the environment changes, but 
there are variations in salinity that are independent of environment, i. e. they are not 
differentiated by the environment classification. At the three boundaries where salinity 
increases (3-7m, 14m, and 18m), there is an increase in %palynomoiphs of kerogen; in 
two cases this is correlated with a decline in %AOM, in the other it is %phytoclasts 
that decreases. There are decreases in %Botryococcus at or about two of the 
boundaries (3-7m and 18m), and these are correlated with decreases in TOC and 
phytoc. At the middle boundary (14m) there is an increase Yin %marine 
plankton/palynomorphs. 
At the two boundaries over which salinity declines (10-13m and 15m), there are 
changes in different parameters. At the lower boundary there is a decline in the 
%AOM; the %AOM is thus clearly independent of salinity, as it can either increase or 
decrease to or from the pliohaline category. In this case TOC shows a sharp decline at 
the pliohaline to mesohaline transition, but at the upper boundary TOC increases, 
suggesting that it too is independent of salinity. There are progressive increases in the 
percentage phytoclasts and palynomorphs of kerogen, biostructured brown wood, 
corroded of non-biostructured brown wood, and bisaccate pollen over the lower 
boundary. The changes in parameter values over the upper boundary are also 
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Fig. 10.13. Presence-absence diagram for the type section of the Kildonnan Member 
(Lealt Shales Fm). The environment and ostracod-salinity units of Hudson and ' _, 
Harris (1979) and Wakefield (1991) are shown on the right of the diagram; see also 
Fig. 10.8. 
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There are eight possible palynofacies units present in the section, - a lower unit from 0- 
4m where the parameters show significant variation, but an overall trend is present, 
and a unit from 4 to 6m characterised by less' variation and where some of the 
parameters show progressive change and some are stable. There is then 'a series of five 
units from 6 to 10m, ' 10 to 12m, 12-15m, ' 15-18m, and 18 to 19m which-are-all 
characterised by progressive change in some parameters with others remaining stable. 
A final unit (19m to top of section) is characterised by a sharp base, followed by 
progressive change in parameter values. 
ýfa 
10.2.2 (b) Lonfearn Member, Ruhda Nam Braithairean, Skye. 
In the lower part of this section the changes in parameter values can be related to 
lithological variation, while in the upper part changes related to environmental 
variation become more important. The change in dominant lithology from limestone to 
shale in the lower part of the section is reflected in sharp increases in the percentages 
AOM and palynomorphs of kerogen, and in biostructured brown wood. The rapid 
variation in sample lithology between shale and limestone is reflected in similar rapid 
variation in parameter values, particularly the phytoclast preservation index (PPI), the 
ratio of brown: black wood, and the percentage membranes ofphytoclasts. In the upper 
part of the section there is a sharp decline in TOC and AOM percentages at the 
freshwater-brackish to brackish environment transition, with corresponding increases 
in the percentages of phytoclasts and palynomorphs (the former sharp, the latter 
progressive). 
10.2.3 Duntulm Formation, Cairidh Ghlumaig and Lon Ostatom, Skye. 
The overall regressive, coarsening-upwards, and decreasing salinity trend through the 
Duntuim Formation composite type section (Figs., 10.14 to,. 10.30) is reflected in an 
increase in the percentage phytoclasts of kerogen values, and a decrease in AOM. 
Palynomorph percentages increase in the middle of the section. Within the phytoclast 
fraction there is a slight relative increase in biostructured over non-biostructured 
brown wood; cuticle is only a significant component of assemblages in the uppermost 
part of the composite section. The biostructured brown wood fraction is characterised 
by decreasing striate and striped and increasing refractory banded and pitted material; 
in the non-biostructured fraction, pseudoamorphous material is only significant in the 
lowest part of the composite section, while undegraded particles increase in their 
percentage frequencies between the lower and middle part of the section. The 
character of the black wood only really changes in the uppermost sand-dominated 
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section where equant particles become more dominant. Within the palynomorph 
fraction sporomorphs increase upwards. Botryococcus is only present at significant 
levels in the upper part of the section. Spores increase in the upper part of the section 
and in the lower sandstone-dominated interval; thin-walled spores also increase 
upwards, most of the increase taking place in the lower part of the section. Pollen 
assemblages show no overall change, but, there is a relative increase in bisaccates near 
the lower-middle boundary and at the top of the composite section. ;, 
In the presence/absence diagrams (Figs. 10.29 &10.30) the regressive trend is reflected 
in the decrease in the occurrence of foraminiferal linings, and a greater frequency of 
pollen clusters and spore tetrads in the upper part of the section. Tasmanites type algae, 
and leiospheres are rare, and restricted mostly to the lower and central section; two 
marine intervals are recorded by dinocyst occurrences in the upper section, and 
the 
occurrence of acritarchs at the very top of the section suggests brackish water 
influence at this point. The presence of Scenedesmus and Pediastrum type 
hydrodictyale algae in this upper section suggests very low salinities of less than 5%o if 
the modem analogy is correct (cf. Tyson, 1995). 
In the lower (foreshore) section (Figs. 10.14 to 10.18) there are two transitions from 
Praeexogyra limestone-shale to sandstone lithofacies; these represent the flooding of 
delta mouth sands, while the opposite transition represents the progradation of these 
sands into the normal lagoonal facies (Andrews & Walton, 1990). At the lowermost 
transition (2.4m) there is a sharp decrease in AOM percentages and a progressive 
decrease in fluorescence suggesting a change to more oxic conditions; however, the 
percentage of palynomorphs does not increase until the biofacies changes to the 
'marine' community after the lithofacies transition. There are also sharp relative 
increases in black wood, biostructured brown wood, and thick-walled spores at this 
biofacies transition. Therefore, it is interesting to note that the changes within the 
palynomorph assemblage take place at the aforementioned lithofacies transition, with 
sharp relative increases in bisaccates and marine plankton, and changes in the marine 
plankton assemblage (sharply increasing dinocyst diversity, decreasing dominance, 
increasing Ctenidodinium spp., and progressive increases in Pareodinia spp. and 
Sentusidinium spp. ). At the upper sandstone to Praeexogyra limestone-shale transition 
(5.4m) the parameter changes are different; there is only a'sharp relative increase in 
dinocyst dominance, but immediately above the transition the %AOM initially 
increases sharply, as do the %palynomorphs, the PPI, black wood, and thin-walled 
spores. 
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Fig. 10.14. Selected parameter values through the lower (foreshore) part of the 
Duntulm Formation type section. The environment classification is that of Hudson 
and Harris (1979), the litho- and biofacies are those ofAndrews and Walton (1990). 
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Fig. 10.15. Selected parameter values through the lower (foreshore) part of the 
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Fig. 10.16. Selected phytoclast assemblage parameter values through the lower 
(foreshore) part of the Duntulm Formation type section. The litho- and biofacies are 
those of Andrews and Walton (1990). 
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Fig. 10.17. Selected palynomorph assemblage parameter values through the lower 
(foreshore) part of the Duntulm Formation type section. The litho- and biofacies are 
those of An. 'rews and Walton (1990). 
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Fig. 10.18a. Selected dinocyst assemblage parameter values through the lower 
(foreshore) part of the Duntulm Formation type section. The litho- and biofacies are 
those of Andrews and Walton (1990). 
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Fig. 10.18b. Selected dinocyst assemblage parameter values through the lower 
(foreshore) part of the Duntulm Formation type section. The litho- and biofacies are { 
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At the Praeexogyra limestone-shale to sandstone lithofacies transition (4m) there is a 
progressive increase in the percentage of phytoclasts and its non-biostructured brown 
wood component; sharp increases in banded and pitted biostructured brown wood and 
sporomorphs occur above and below the boundary respectively. Within the dinocyst 
assemblage the proportion of Sentusidinium spp. decreases progressively through the 
boundary, and Pareodinia spp. reaches an acme in the sandstone lithofacies. . 
The effect of lithology in this lower section can be seen in the parameter changes 
through the coarsening upwards sequence at the 3-4m level: progressive increases in 
the percentages of phytoclasts, spores, dinocyst dominance, and Pareodinia spp., and 
a decrease in the striate and striped component of the biostructured brown wood 
assemblage. In general terms, the sands have increased phytoclast percentages, banded 
and pitted wood, spores, dinocyst dominance, and Pareodinia spp. dinocysts 
compared to the shales. The thin shale within the sands at the 4.8m level is 
characterised by increased AOM, PPI, black wood, and Sentusidinium spp., and the 
dinocyst dominance level is sharply decreased from the underlying sands. 
The lower part of the type section can be divided into five palynofacies units. A lower 
unit from 0 to 2m in which the parameters show progressive change, but significant 
variability, is followed by a unit from 2 to 4.5m which is characterised by progressive 
change. The next two units from 4.5 to 6m and 6 to 7m are both characterised by 
progressive change and significant variability. A final unit from 7 to 10m is also present 
in which some parameters show progressive change, but others are stable. Eight 
dinocyst phases are present in this lower part of the type section, some of which 
correlate with palynofacies units or their boundaries. The lower sandstone lithofacies 
unit (= sandy lagoon community biofacies) is characterised by a dominance of first 
Batiacasphaera, then Meiurogonyaulax; the following Praeexogyra limestone-shale 
unit is dominated first by Ctenidodinium, then Sentusidinium and Pareodinia. The 
upper sandstone unit is dominated by Pareodinia followed by Ctenidodinium, and the 
final Praeexogyra limestone shale unit is characterised first by a dominance of 
Ctenidodinum, followed by a combination ofCtenidodinium and Sentusidinium. 
In the middle (cliff) section (Figs. 10.19 to 10.23) the lithofacies present are 
Praeexogyra limestone-shales and cryptalgal-rippled siltstones; the lower transition 
from the latter to the former (13.1m) is characterised by sharply increasing TOC, 
percentage palynomorphs, black equant wood, and bisaccates. There is also a 
progressive increase in marine plankton which continues above the transition as the 
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Fig. 10.19. Selected parameters through the middle (clif, ý part of the Duntulm 
Formation type section. The environment classification is that of Hudson and Harris 
(1979), the litho- and biofacies are those of Andrews and Walton (1990). 
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Fig. 10.20. Selected parameters, variation through the middle (cliff) part of the 
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Fig. 10.21. Selected phytoclast assemblage parameter variation through the middle 
(cliff) part of the Duntulm Formation type section. The litho- and biofacies are those 
of Andrews and Walton (1990). 
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Fig. 10.22. Selected palynomorph assemblage parameter variation through the middle 
(cliff) part of the Duntulm Formation type section. The litho- and biofacies are those 
of Andrews and Walton (1990). 
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Fig. 10.23 a. Selected dinocyst assemblage parameter variation through the middle 
(clif, f) part of the Duntulm Formation type section. The litho- and biofacies are those 
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Fig. 10.23b. Selected dinocyst assemblage parameter variation through the middle 
(cliff) part of the Duntulm Formation type section. The litho- and biofacies are those 
of Andrews and Walton (1990). 
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with sharp decreases in the percentage of phytoclasts (which subsequently increases 
progressively), and the PPI. There is also a sharp increase in the percentage AOM and 
Pareodinia spp. dinocysts; the latter parameter increases in the marine community, 
biofacies, then declines progressively. The upper cryptalgal-rippled siltstone lithofacies 
sample (silty shale) is characterised by increased TOC, fluorescence, membranes, and 
sporomorphs; it also has a low diversity-high dominance dinocyst assemblage 
dominated by Meiurogonyaulax spp.. The only other facies change in this section is the 
presence of the 'marine' community biofacies, which, in comparison with the normal 
oyster shell bank facies, has lowered TOC and AOM percentages and increased black 
lath wood (not shown), bisaccates, and marine plankton (= dinocysts); the dinocyst 
assemblage here is characterised by increased Durotrigia and Pareodinia spp.. 
The middle section can be divided into two possible palynofacies units: a lower unit 
from 13 to 15.5 m and an upper unit from 15.5m to the top of the section; both are 
characterised by progressive change, mainly in the major kerogen group parameters. 
The dinocyst distribution through the middle section shows an excellent succession of 
acmes with Sentusidinium at the base, changing to a combination of Pareodinia and 
Sentusidinium in the marine biofacies unit. The rest of this Praeexogyra limestone- 
shale unit is characterised by successive dominance of Dissiliodinium, Ctenidodinium, 
and Batiacasphaera, which changes to Meiurogonyaulax in the cryptalgal rippled 
siltstone, before returning to Batiacasphaera in the upper Praeexogyra limestone-shale 
unit. Comparison with the dinocyst phases in the lower (foreshore) section shows that 
in both cases Pareodinia and Sentusidinium dominate in the 'marine' community 
biofacies, suggesting that they may represent a high salinity association in this 
formation. The only other similarity is that Mefurogonyaulax does not achieve 
dominance in the Praeexogyra limestone-shales lithofacies. 
In the upper (Lon Ostatoin) section (Figs. 10.24 to 10.28) the parameter variation in 
the lower part of the section is closely related to changes in lithofacies and sample and 
dominant lithology, while that in the upper part is related to lithological changes. The 
transition from Unio-Neomiodon muds and sands to Praeexogyra limestone-shales is 
characterised by sharp increases in AOM, palynomorphs, and biostructured brown 
wood, and a progressive increase in the % undegraded/non-biostructured brown wood. 
The percentage of palynomorphs continue to increase as the environment changes to 
marine-hypersaline; a similar pattern is shown by the percentage of marine plankton. At 
the transition back to the Unio-Neomiodon muds and sands lithofacies there is a sharp 
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Fig. 10.24. Selected parameters through the'upper (Lon Ostatoin) part of the Duntulm 
Formation type section. The environment classification is that of Hudson and Harris 
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Fig. 10.25. Selected parameter values through the upper (Lon Ostatoin) part of the 
Duntulm Formation type section. The litho- and biofacies are those ofAndrews and 
Walton (1990). 
433 
1 112, 1 1 1 Ihm cf 
14 14 14 14 14 14 
12 12 1 
UibNmkxtn 
ffub&snrb 
1 1 1 1 1 













56789 -0.50 0.51 1.5 -2 -1 0 -2 -1 010 10203040 -0.8 0 0.3 
tldcwad nxb3ousAdb m-cd bnb* W R3m. &UZed owttmoad 
hwnmrd 
Fig. 10.26. Selectedphytoclast assemblage parameter values through the upper (Lon 
Ostatoin) part of the Duntulm Formation type section. The litho- and biofacies are 
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Fig. 10.27. Selected palynomorph assemblage parameter values through the upper 
(Lon Ostatoin) part of the Duntulm Formation type section. The litho- and biofacies 
are those of Andrews and Walton (1990). 
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Fig. 10.28. Selected dinocyst assemblage parameter values through the Praeexogyra 
limestone-shales lithofacies unit of the upper (Lon Ostatoin) part of the Duntulm 
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parts of the Duntulm Formation type section. The lithofacies are those of Andrews 
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Duntulm Formation type section. The lithofacies are those of Andrews and Walton 
(1990). 
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biostructured and corroded of non-biostructured brown wood), and also in 
sporomorphs and Botiyococcus. 
Within the, marine interval dinocyst diversity increases towards the, centre of the 
interval, then decreases; dominance values show the usual opposite pattern. The 
opportunistic dinocyst Jansonia manifesta (Riding et al., , 
1991) dominates the 
assemblages in the lower part of the interval, but this is followed by a sharp decrease in 
the abundance of this taxon correlated with a sharp decrease in dominance values. The 
high dominance assemblages in the upper part of the interval are characterised by high 
percentages of the Ctenidodinium, whilst. in the middle of the interval the low 
dominance assemblage is characterised by increased proportions of Durotrigia, 
Batiacasphaera, and Dissiliodinium. 
in the middle and upper part of this section the effect of lithology can be seen in the 
increased TOC values in the silty shales at the top of the section.. The phytoclast 
assemblage becomes more refractory and Botryococcus percentages decrease through 
the lower coarsening upward sequence (8.5-11m); in the upper coarsening-upward 
sequence (13-14m) the percentage phytoclasts increases progressively, then decreases 
as lithology fines towards the top of the section. At 12.5m there are sharp changes in 
many parameters correlated with the sharp fining of lithology: kerogen fluorescence 
levels increase, as do the percentage of palynomorphs, Botryococcus, and bisaccate 
pollen; there are also changes in the phytoclast assemblage (brown wood, banded and 
pitted of biostructured, cuticle, and membranes all increase)., 
The upper section can be divided into, six palynofacies units,, a lower unit from 6 to 
7.6m in which the parameters are stable, or show progressive change, a unit from 7.6 
to 9m which is characterised by a sharp base and large variability, a unit from 9 to 
12.5m which again has a sharp base and is characterised by progressive change (but 
some significant variability in parameter values), and a unit from 12.5 to 14m which 
also generally has a sharp step in values at the base before progressive change within 
the unit. There are two upper units, one from 14-15m in which the parameters show 
progressive change, and the other from 15 to 15.5m in which some parameters are 
stable, but others show progressive change. 
ýý ,. 
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10.2.4 Staffin Bay Formation, Staffin Bay, Skye. 
Within this section (Figs. 10.31 to 10.35) the coarsening upwards, proximal-distal 
trend through the section (defined by the change from a lagoonal to barrier bar 
environment) is reflected in the upwards increase in the percentage of phytoclasts and 
in the undegraded component of the non-biostructured brown wood. Other noticeable 
upward trends are the decreases in the percentage of poorly preserved dinocysts (not 
shown) and Durotrigia spp., and upward increase in other gonyaulacacean dinocysts. 
The phytoc parameter also increases upwards until the clean sands in the middle-upper 
Belemnite Sandstone Member are reached, and is noticeably smoother than the TOC 
curve. 
At the Skudiburgh-Staffin Bay Formation transgression the change in facies and 
lithology is reflected in a decrease in the percentage of phytoclasts and a corresponding 
progressive increase in the percentage of palynomorphs. There are also changes my the 
phytoclast assemblage with increases in brown wood, biostructured brown wood, and 
all undegraded brown wood suggesting a change to a more refractory assemblage. 
There is also a sharp increase in the black lath wood content of the Staffin 3 Bay 
Formation sediments. 
In the type section the changes in parameters are mostly related to variations in 
lithofacies and lithology. Within the main lithofacies units the bituminous shales facies 
is characterised by relatively high TOC, AOM, black wood, and undegraded of non- 
biostructured brown wood; the silts-fine sands facies have high phytoclasts, 
palynomorphs, brown wood, and corroded non-biostructured wood. The argUlaceous 
sands facies is dominated by phytoclasts, the assemblage of which is characterised by 
high black equant wood and undegraded non-biostructured brown wood. In'the 
dinocyst assemblage poorly preserved dinocysts are low and gonyaulacacean dinocysts 
dominate; notes made during counting show that these are mostly robust proximate 
forms. In this facies the coarser sands are characterised by higher non-biostructured 
brown and banded and pitted biostructured brown wood. 
The changes in parameters do not always occur at the lithofacies boundaries, " for 
example at the transition from the silt-fine sands to bituminous shales at 6m there are 
sharp increases in TOC, and fluorescence, but the increase in AOM does not occur 
until lithology changes to shale above the transition. The change in the biostructured 
brown wood assemblage also correlates with the change in lithology whereas the non- 
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also variability in the point of change in the palynomorph assemblage: the palynomorph 
fraction of the kerogen assemblage shows a sharp decrease at the lithofacies boundary, 
but changes within the palynomorph assemblage correlate with the change in lithology 
above the boundary. 
The transition to the argillaceous sands facies which marks the base of the Belemnite 
Sands Member is marked by a sharp decline in fluorescence, but some of the 
parameters do not change until lithology coarsens significantly above this contact. 
There is a progressive decline in %TOC and an increase in phytoc and %phytoclasts, 
and a sharp increase in the proportion of gonyaulacacean dinocysts correlated with the 
coarsening lithology, but the decrease in the %AOM occurs below the member, 
boundary. There is a progressive increase in biostructured brown wood over the 
boundary. 
There are five possible playnofacies units relating to the total kerogen plots, but only 
four are visible in the palynomorph data. A lower unit from 0 to 2m is visible in both, 
being characterised by large variability in the kerogen parameters, but 'progressive 
change in some of the palynomorph parameters. There is then a unit from 2 to 7m in 
the kerogen plots which has a sharp base, and in which the parameters show 
progressive change; in the palynomorph parameters the top of this unit is at 6m; and it, 
is followed by a unit from 6 to 1 im characterised by stability in most of the parameters 
and occasional progressive change. There are two units in the kerogen parameters over 
this part of the section, one from 7 to 10m characterised by progressive change, and 
one from 10 to 1 im in which the parameters are mostly stable, but there is some 
progressive change. Finally, there is a unit in both the kerogen and palynomorph 
parameters from 11m to the top of the section, which in the case of the kerogen 
parameters is characterised by progressive change or stability, the palynomorph 
parameters are mostly stable, but some show significant variability. 
The presence/absence diagram (Fig. 10.36) shows the change to marine-brackish 
conditions in the Staffin Bay Formation with the incoming of acritarchs, but no 
foraminiferal linings occur until well into the Upper Ostrea Member suggesting that, 
conditions remained at least partly brackish for some time following the transgression. 
The diagram also shows that acritarchs are not present in the coarser sands, and that 
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Fig. 10.36. Presence-absence diagram for the Staffin Bay Formation composite type 
section. The lowermost sample represents the top of the Skudiburgh Formation. The 
lithofacies are those of Sykes (1975a). 
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10.2.5 Overall Controls 
4 
In each section the parameter variations are a product of the interactions between a 
number of potential controls on assemblages such as lithology, dominant lithology, 
lithofacies, and environment. In many cases the changes in these factors are often , 
correlated, making it difficult to assess a major single controlling factor on any 
variation. However, it has been possible to try to establish the relative strengths, of 
lithology versus other factors. 
In the Dun Caan Shales Member (Bearreraig Sandstone Formation) the main control, 
appears to be the proximal-distal variation, although this is partly lithologically based . 
with the upper distal unit consisting primarily of shales (as opposed to the silty shales 
and shaley silts of the section below). In the Udaim Shales-Holm Sandstone members 
section there appears to be a strong lithological control with many parameters showing 
changes correlated with the coarsening-upward nature of the section. In the lower 
(Kildonnan Member) of the two sections from the Lealt Shales Formation much of the 
variation in lithology and environment is correlated, but where lithology is stable, 
variation in environment category does result in parameter changes, suggesting that all, 
the variability is not accounted for by lithology. 
In terms of environment versus salinity the changes are again often correlated, but, - 
when either salinity or environment vary independently there are also parameter, 
changes suggesting that both these variables are influential. It also appears that , 
environment changes seem to be reflected in sharp variations in some of 
the 
parameters, whilst variation over salinity changes appear more gradual. Where the 
variations in lithology and environment are independent the parameters show a strong 
correlation with both, suggesting that they both exert a strong control on assemblages. 
The Duntulm Formation composite section provide a similar problem to the Kildonnan 
Member, but on occasions where variation takes place independently there ! 
is 
, 
parameter variation due to lithology and due to litho- and biofacies. In the Staffin Bay 
Formation the parameters seem to be more strongly correlated with lithology, although 
again there is a correlation between lithologic and lithofacies variation. For example, 
the sharp increase in the percentage of phytoclasts in the lower part of the argillaceous 
sands lithofacies occurs after the transition and is correlated with significantly 
coarsening lithology. 
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10.2.6 Parameters Most Responsive to Controlling Fäctor Variation 
In each of the sections the -parameters most responsive to variation` have been 
compared (Table 10.6). Where possible they have been divided into those which best 
reflect lithological variation and - those which respond most to variations in-other 
factors (proximal-distal, environment, salinity, lithofacies). The majority of parameters 
show both gradual and sharp changes at unit boundaries, but AOM in particular is 
characterised in the most part by sharp increases or decreases, which may reflect the 
potential for the rapid establishment of dysoxic-anoxic conditions in shallow water. 
Examination of Table 10.6 shows that the most common parameters äre the three main 
kerogen groups (AOM) phytoclasts, palynomorphs), with the brown: black and 
biostructured: non-biostructured brown wood ratios from the phytoclast assemblage. 
The sporomorph: marine plankton ratio is important in the lagoonal sections where 
there is significant palaeosalinity variation. 
10.3 Constrained Cluster Analysis 
The objective of using constrained cluster analysis was to examine the natural 
relationships of the samples when constrained in stratigraphic order. It was carried out 
using only the combined variables group. The distance measure used was the squared 
euclidean distance, the clustering algorithm was Wards' method. This technique has 
been applied to all of the sections examined in the previous section, apart from the 
Lonfeam Member section which has a relatively low number- of samples. Summary 
diagrams are provided of the cluster memberships versus potential controlling factors 
such as lithofacies and environment; the dendrograms (not shown) have been divided 
into relatively high order clusters (A, B, C, etc. ) which represent major divisions, and 
minor sub-clusters (Al, A2, etc., numbered from the base upwards) which are 
subdivisions of these. The clusters have been compared with the palynofacies units 
defined by visual inspection of the stratigraphic plots of parameters; also shown are the 
stratigraphic plots of the scores of each sample on the first two factors from the factor 
analysis, these factor scores summarise the variation through the sections. A high 
positive score reflects high percentages of the variables which plot on the positive side 
of the factor (positively loaded variables), a high negative score thus reflects high 
percentages of the negative variables (negatively loaded variables). The factors are 
fully described in Chapter 9.0. 
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Section Unit change Lithological change 
Dun Caan Shales Mbr. %AOM/kerogen 
PPI 
%pseudomorphous/ 
non-biostructured brown wood 
Unidentified llen: bisaccates 
Udairn Shales & %phytoclasts/kerogen %AOM/kerogen 




Black e uant: lath wood 
PPI 
Kildonnan Mbr. %AOM/kerogen %AOM/kerogen 
al omo hs/kero en % al omo hs/kero en 







al omo hs 
PPI 
%marine plankton/pal2ornorphs 
Lonfeam Mbr. %AOM/kerogen Brown: black wood 
al omo hs/kero en %membranes/ h oclasts 
PPI 
Duntuhn Fm. %AOM/kerogen %phytoclasts/kerogen 
Fluorescence %s res/s romo hs 
al omo hs/kero en PPI 
Biostructured: non-biostructured 
brown wood 
Brown: black wood 
S romo h: marine plankton 
Unidentified pollen: bisaccates 
Staffin Bay Fm. %palynomorphs/kerogen Black equantlath wood 
%AOM/kerogen %AOM/kero en 
Brown: black wood %h oclasts/kero en 
Biostructured: non-biostructured 
brown wood 
S romo h: marine plankton 
Table 10.6. Parameters most responsive to change in unit or lithology, unit refers to 
variation in proximal-distal, environment, salinity, or lithofacies unit. 
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10.3.1 Dun Caan Shales Member Type Section 
There is a good correlation between the major clusters and proximal-distal units; there 
is also a reasonable agreement between the clusters and palynofacies units (Fig. 10.37). 
The factor loadings suggest a proximal trend defines subcluster Al, whilst sub-cluster 
A2 show a distal shift. There also appears to be a proximal shift towards the top of the 
section, which together with a decrease in selective preservation may be defining sub- 
cluster B2. 
10.3.2 Udairn Shales-Holm Sandstone Members Type Section 
Three major clustei3--are present (Fig. 10.38), the lowermost (A) suggests ti: at`the' 
lower main Udairn Shales section samples are more similar to those from the section 
below which represent the most distal unit (1). This suggests that the lower part of this 
main section may also represent a part of the more distal facies; this is partly evidenced 
in the Factor 1 scores, which suggest a distal shift through this cluster. The second 
cluster (B) incorporates the rest of the Udairn Shales and the lower part of the Holm 
Sandstone Member; the position of the sub-cluster B2 suggests that the transitional 
unit (3) may begin below the top of the Udairn Shales Member, and that the upper part 
of this unit (which falls into cluster C) is significantly different from the lower-middle 
part of the section. The subdivision of cluster C agrees precisely with the distal- 
proximal unit boundary, suggesting that there is a change in palynofacies here also. As 
the cluster B-C boundary occurs below the one for units 3 and 4, this may suggest that 
the palynofacies assemblage is reflecting a significant proximal change before the 
sedimentological evidence on which the 3/4 boundary is based; this change is evident in 
the Factor 1 scores. There; is generally poor agreement between the palynofacies units 
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10.3.3 Kildonnan Member Type Section 
The clusters and sub-clusters generally relate very well to both the palynofacies units, 
and changes in environment and salinity (Fig. 10.39). There are eight palynofacies units 
and eight clusters and they are virtually identical in their position and make-up; on 
many occasions the factor scores can be seen to be varying between the clusters and 
palynofacies units. Nearly every change in environment or salinity is reflected in a 
cluster or sub-cluster boundary, suggesting that these are well defined by the 
palynofacies data, but the cluster or sub-cluster membership is sometimes not exactly 
the same as the environment/salinity unit. 
10.3.4 Duntulm Formation Composite Type Section. 
There are 13 palynofacies units and only 11 clusters and sub-clusters, but there is 
reasonable agreement between their boundaries, particularly those which reflect major 
lithofacies variation (Fig. 10.40). The major lithofacies changes and the variation 
between the different sections is generally picked up by both the clusters and the 
palynofacies units, and the cluster and unit memberships are often exactly the same as 
the lithofacies units. The factor scores often change between clusters and palynofacies 
units. 
10.3.5 Staffin Bay Formation Composite Type Section 
In this section the number of clusters and palynofacies units is the same, but there are 
also may sub-clusters which have been defined, leading to poor agreement between the 
number of units and clusters (Fig. 10.41). However, there is relatively good agreement 
between the positions of the boundaries of units and clusters which are nearly always 
similar, suggesting that changes that are evident in the limited number of parameters 
examined as stratigraphic plots are also present in the variable group as a whole. The 
clusters show a reasonably good correlation with the lithofacies present, but the cluster 
memberships are not exactly the same as those of the lithofacies units, often reflecting 
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The constrained clustering technique is useful for comparison between the palynofacies 
assemblages and the changes in potential controlling factors (lithofacies, environment, 
salinity). The clusters should (theoretically) reflect the prevalent control on each 
section, but this is difficult to define when the changes taking place in the controlling 
factors are often auto-correlated. Within the sections examined the variation in the Dun 
Caan Shales Member seems to be based on relative proximal distal position... The 
Udaim Shales-Holm Sandstone member section shows a proximal distal control, °but 
this classification is based primarily on lithological changes. The Kildonnan Member 
section shows a strong environment/salinity control on assemblages, but lithologic and 
dominant lithology effects can also be seen. Similarly, lithofacies exert a relatively . 
strong control in the Duntulm Formation, but lithology also appears to be an important 
factor. The Stain Bay Formation section shows a stronger lithological control with a 
contribution from lithofacies. To summarise, where there is relatively little lithological 
variation changes in the assemblage can be related to other factors (e. g. Dun Caan 
Shales and Kildonnan members), but if lithology does vary then it clearly has a strong 
influence (e. g. Duntulm and Staffin Bay formations). 
This technique also shows that changes in the palynofacies assemblage may not be 
precisely correlated with environment/salinity/lithofacies boundaries. This suggests the 
palynofacies technique may pick up these changes before they are evidenced in other 
ways, or that the changes are not shown by the assemblages until some time after they 





11.1 Overall Controls and Most Useful Variables 
In each of the major formations the controls on the palynofacies data derived from a 
variety of methods have been compared (Table 11.1). In the Bearreraig Sandstone 
Formation proximal-distal position appears to be the strongest control on palynofacies 
assemblages, followed by a lithological effect. Comparison of the variables derived 
from the multivariate statistical techniques with those showing the most variability in 
the stratigraphic plots reveals that the non-biostructured brown wood fraction (and its 
constituent particle types) and the unidentified pollen component of the palynomorph 
assemblage are common to both. This suggests that these variables show the most 
systematic variation with regard to proximal-distal position. 
In the Lealt Shales Formation the primary control on assemblages appears to be more 
ambiguous; however, the proximal-distal name attributed to Factor 1 may be related to 
the environmental control suggested by constrained cluster analysis and the 
stratigraphic plots, as freshwater environments are likely to be more proximal than 
more marine environments. There certainly appears to be a strong lithological control 
which is picked' up by all the techniques. Comparison of the variables which 
characterise this (lithological) effect shows that %membranes/phytoclasts is common 
to all the analyses. The %Botryococcus/palynomorphs parameter is common to all the 
environment/proximal-distal analyses. This suggests that the latter two variables best 
characterise any lithological (membranes) and palaeosalinity (Botryococcus) variations 
within this formation. 
The primary control in the Duntulm Formation appears to be based on 
lithofacies/environment (which are generally closely related to each other); the 
freshwater-marine identity attributed to Factor 1 also relates partly to the 
lithofacies/environment units, as the major difference in facies is the freshwater 
intercalation. The variables which occur in all these analyses are %sporomorphs and 
%marine plankton (both of palynomorphs), which suggests that these variables show 
the most systematic variation through the lithofacies and environment units. 
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Formation Factor analysis Discriminant Constrained Stratigraphic 
function cluster analysis plots 
Bearreraig Proximal-distal Proximal-distal Proximal-distal Proximal-distal 
Sandstone Selective preservation Dominant lithology Lithology Lithology 
Lealt Shales Proximal-distal Dominant lithology Environment Environment 
Lithology Sample lithology Lithology Litholo ==x 
-gy Duntulm Freshwater-marine Environment Lithofacies Lithofacies 
Proximal-distal Lithofacies Lithology Lithology 
Staffin Bay Facies/member Environment Lithology Lithology 
Proximal-distal Lithofacies Lithofacies Lithofacies 
Table 11.1. The two major controls on palynofacies assemblages derived from a 
variety of techniques for each of the four main formations examined 
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In the case of the Staffin Bay-Formation the primary control is ambiguous: - member 
and environment are both suggested by factor analysis and DFA' (note the environment 
categories of this formation relate almost perfectly to the members), but the techniques 
examining the data stratigraphically suggest lithology as the prime control. Comparison 
of the variables derived from each of these techniques shows that in the case of the 
primary controls there is no variable which is common to them all; however, when the 
secondary controls are compared the percentage phytoclasts of kerogen and non- 
biostructured of brown wood are common throughout. This suggests that these 
variables show the most systematic variation in this formation. 
The best variable - overall- is perhaps %AOM/kerogen: it is strongly dependent on 
lithology, shows a good correlation with environment, salinity, lithofacies, and 
proximal-distal variation, and also varies systematically in relation to sequence 
stratigraphic changes. This parameter has the added advantage of being geochemically 
significant, being correlated with the hydrogen index and in some cases with TOC. 
11.2 Conclusions Regarding the Main Aims 
The aims stated in the preface of this work will now be briefly addressed and discussed 
in the light of the previous chapters. 
a) Ir fiüence of sediment grain size on organic matter character. ' 
It has been shown that both major and subtle lithological changes (e. g. the change from 
shale to sand versus the change from shale to silty shale), have an appreciable effect on 
the organic matter assemblage. In terms of their kerogen content the most 
characteristic lithologies are the sands and limestones. The lithological effects are 
apparent not only in the large scale statistical summaries of the data, but also in the 
stratigraphic plots of individual parameters. Sub-division of the main lithologies 
present has shown that the sample lithology categories (e. g. argillaceous, silty, and 
clean sands) which make up the gross lithologies (e. g. in this case 'sands') generally 
have similar characteristics despite some detailed differences. Some lithologies seem to 
be better characterised by their palynomorph content rather than by their kerogen 
assemblage (e. g. argillaceous sands), whilst other lithologies show the opposite pattern 
(e. g. silty sands). However, in the majority of lithologies both the kerogen and 
palynomorph components are reasonably distinct. 
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The effect of dominant lithology on organic matter assemblages has also been shown 
to be important; this is particularly clear where the sections are sand-dominated, but 
limestone-dominated sections may also be effected (although this is less clear due to a 
lack of appropriate samples). Dominant lithology effects can also be seen, ' in the 
individual section plots. 
b) Facies, stratigraphic, and spatial variations in organic matter assemblages. - 
Interfacies variation is characterised by sharp or gradational changes in. some 
parameters over the facies boundaries, but in some cases the changes do not correlate 
exactly with the conventional position of the boundary. Other parameters show no 
change between facies suggesting that their distribution is independent of these 
variables; variations in these parameters may be linked to supply (input) -rather than 
changes (e. g. sorting and preservation) that are taking place within the depositional 
system - 
t _r ý '' .. 
Intrafacies variation can often be related to lithological changes or changes in one of 
the other potential controlling factors, e. g. palaeosalinity variation within a lithofacies 
unit. However, there are occasions when neither of these seems to be the case; where 
this occurs it would appear that the organic matter assemblage is reflecting changes 
which are not evident in those factors which were used to define the facies. 1, 
Vertical variation within an individual section can be related mostly to changes in one 
or more of the controlling factors (e. g. lithofacies changes) or to lithology (lith and 
dlith). However, significant variation can also occur, apparently independent of these 
controlling factors, and sometimes over intervals as small as 5-10cm; this again- 
suggests that the organic matter assemblage is reflecting changes which are not readily 
apparent in other criteria (e. g. sedimentology). Overall trends through sections, and the 
Middle Jurassic succession in general, appear to be mostly related to sea level changes, '- 
and the lithological and facies variation they bring about. Some of these changes are 
evidenced by sharp changes in aspects of the organic matter assemblage values; others 
show more gradual changes, and some show no change at all. Part of the variation 
through the Middle Jurassic succession thus appears to be largely independent of, sea 
level variation (i. e. of sequences and minor sequences) and relate more to the specific 
lithological characteristics of the units. 
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c) Correlation between the optical and geochemical data. 
The correlation between the optical and geochemical data varies from very poor to 
very good, but in the majority of cases the data show a reasonable correlation. 
However, the correlation will never be 'perfect' due to complex nature of the controls 
on TOC and HI and the percentage particle frequency nature of the optical data. 
Multiple regression has proved useful in determining the nature of the correlation 
between the in and the liptinitic. fraction of the organic matter assemblage, and in 
determining the variables which exert the most influence on the HI. It has also allowed 
the production of a predicted HI value for those samples for which this parameter was 
not measured. 
d) Usefulness of multivariate statistical techniques in the 'interpretation of 
quantitative palynofacies data. 
The multivariate techniques have proved = useful, particularly DFA and constrained 
cluster analysis. Factor analysis was also helpful in reducing the main sources of 
variance in the dataset down to a manageable level, but the data closure effects 
inherent in the dataset makes some of the interpretation of the results of this technique 
difficult. Discriminant function analysis provides good and easily comparable results, 
and the stepwise version of this technique is particularly useful as it gives an idea of the 
most important variables. This has shown that in many cases relatively minor 
components of the organic matter assemblage are important in differentiating the 
different categories. Cluster analysis is less easily interpreted and is more subjective in 
approach, but it does allow natural correlation amongst the samples. Clustering using 
the stepwise DFA variables has shown that in some cases DFA is forcing samples 
together that are not actually that similar. Constrained clustering is particularly useful 
as it allows the examination of all the variables together in a stratigraphic context, this 
would be extremely time consuming and difficult to achieve through the visual 
examination of stratigraphic plots of parameters. 
In general, the results of the multivariate statistical techniques were often what was 
expected because the geological rationale for the controls on this kind of data has been 
well established previously (cf. Tyson 1995). This means that the multivariate 
techniques are probably not as useful here as they are in studies where there is no 
known logic that controls or describes the inter-relationships within the dataset (e. g. in 
taxonomic or molecular biomarker studies). Similar results would probably have been' 
obtained using trivariate, bivariate, and visual assessments of the data (cf. Tyson; 
1989). The main theoretical advantage of the multivariate techniques over the latter 
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methods is that they allow a more objective consideration of all the data, rather than 
just a more subjective consideration of parts of it (Kovach & Batten, 1994). 
e) Relative usefulness and resolution of total kerogen versus palynomorph 
parameters. 
In general terms the kerogen data is probably better as. it contains information on' a 
wider range of particle types. As utilised here, the kerogen data includes some major 
palynomorph categories; there appears to be little difference in the trends indicated by 
the equivalent palynomorph parameters regardless of whether the data were derived 
from the kerogen or palynomorph counts (although the statistical accuracy of the latter 
is greater due to the larger sample sizes). The palynomorph data is generally not as 
good at characterising the variation in the potential controlling factors on its own, but 
(as expected) it is more useful when there is significant palaeosalinity variation; it also 
characterises certain lithologies better than the kerogen data, possibly due to the 
differences in the sorting of the palynomorphs (c£ Tyson; 1989). Ideally, both datasets 
should be used, but given limited time the kerogen data is perhaps the most useful, 
although this would depend partly on the type of facies being analysed. In facies where 
there is the possibility of palaeosalinity variation considerable resolution would be lost 
if only the kerogen data was available. 
Agreement with previous interpretations of the sediments studied 
There is a generally good agreement between the organic matter assemblages and the 
previous interpretations of the sediments studied, although there are sometimes slight 
differences between the stratigraphic position of the boundaries based on these criteria 
and the 'corresponding' palynofacies unit boundaries. This suggests that the organic 
matter assemblage is picking up these changes either before or after they are evident in 
the sedimentological or macropalaeontological record. There is also evidence that 
relatively sharp changes in the sedimentological or macropalaeontological record can 
be manifested as longer term changes in the organic matter assemblage. , 
The 
examination of the organic matter assemblage has also provided some new information 
which may help to refine the models for the depositional environments of the 
succession studied. 
g) Potential usefulness of the palynofacies technique in sub-surface reservoir studies. 
The palynofacies technique can be useful in dividing up sequences for which there is 
very little other information (i. e. studies carried out on cuttings samples). It has been 
shown that the derived 'p alynofacies units' ought to show a broad general agreement 
with the variation in the potential controlling factors (e. g. depositional environment, 
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proximal-distal variation). The use of the constrained clustering technique may be 
particularly useful in these cases as the resulting clusters have been shown to be well 
related to the environment, lithofacies,, and proximal-distal units in the majority of 
cases. This can be termed'low resolution' palynofacies. In order to provide meaningful 
'high resolution' interpretations the sampling needs to be intensive (probably in the 
order of every 10cm maximum in productive lithologies), particularly in 'deltaic' 
settings where there is the potential for particularly rapid variations in facies and 
palaeosalinity. If less intensive sampling is carried out then the interpretations may be 
limited to a general overview of any potential variation; the amount of variation may 
well relate to the number of samples rather than to the actual changes that are 
occurring. 
11.3 Strengths and Weaknesses of the Palynofacies Technique 
The strengths of the technique lie in its ability to integrate with sedimentological and 
palaeontological criteria, so where these data are not available or limited the 
palynofacies units defined will relate reasonably well to the variability in the 
sedimentological and palaeontological record. The technique also allows the 
subdivision of sediments (particularly those which are lithologically uniform) at levels 
of resolution that are often above lithofacies or palaeosalinity subdivisions. Another 
strength of the quantitative technique is that it provides measurable differences 
between lithologies and environments, and allows the nature of the correlation with 
geochemical parameters to be tested statistically. 
The main weakness of the technique lies in its strong dependence on lithology, which, if 
not properly considered, can lead to incorrect interpretations of changes based only. on 
lithological variation. Another weakness of the technique lies in the nature of the data; 
percentage data means that there will always be strong closure effects which can also 
lead to incorrect interpretations unless this problem is carefully considered. The use of 
percentage data also means that it is often only possible to establish the effect of a 
change in one of the controlling factors on the dataset; the cause can often not be 
established with any certainty, although it can often be reasonably inferred from 
arguments based on general geological logic and complimentary parameters. 
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11.4 Further Work ýý r ., 
Further advances in the understanding of the effect of lithology on organic matter 
assemblages may be derived from full grain size analysis of the sediments studied (or at 
least a fraction thereof) and the correlation of these results with the palynofacies 
parameter proportions. The study of this, and many other aspects of the nature of the 
organic matter assemblages may be aided by the additional use of absolute abundance 
data for the components of the organic matter assemblage (by counting slides where 
the organic matter has been spiked using Lycopodium spores); this has proved useful in 
Quaternary palynology, but has been relatively little used in ancient palynofacies work. 
This type of absolute abundance data would help to remove the problem of data 
closure and would be useful in correlation with the geochemical parameters as it would 
provide a measure of the absolute abundance of the particle types rather than just a 
proportion. However, this data would still not be size/volume corrected, so. the 
correlation with the geochemistry may well prove to be imperfect. Perhaps the best 
way to achieve better correlation with the geochemistry (through particle size data) is 
through the use of image analysis, as manual measuring of particles is time consuming 
and less accurate (although potentially more discriminating). This would also''allow 
more detailed examination of sorting criteria in terms of palaeoenvironments. Previous 
work on this subject has shown that the differences in sorting can be very subtle and 
difficult to interpret (Tyson, 1995), although recent work carried out in the Fossil 
Fuels and Environmental Geochemistry Postgraduate Institute, has shown that 
phytoclast size and sorting data can produce coherent results (Tuweni & Tyson, 1994; 
Frank & Tyson, 1995; A. T. Piper, pers. comm. ). 
The distribution of the different biostructured brown phytoclasts, which appears to 
merit further study, may be better understood if extra counts were performed on these 
components, similar to those carried out for the black wood category. This would 
allow the more confident interpretation of the distribution of these particles, which in 
this study has often been limited by low percentage abundances. 
Further benefits may be derived from the refinement of the statistical techniques 
employed in this study, particularly factor and discriminant function analysis. It may 
prove beneficial to logratio transform the whole dataset before applying any 
multivariate statistical techniques, but this would have to be examined carefully as 
there are subjective aspects of this logratio transformation procedure which can effect 
the results produced (Kovach, 1993). In the case of factor analysis it is possible to 
rotate the factors to produce thr. 'best' results, but again this introduces a degree of 
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subjectivity into the procedure. It is also possible to derive from discriminant function 
analysis the relative weighting of the variables used in the discrimination each of the 
categories giving, for example, a list of the variables and their loadings in each 
depositional environment (as opposed to the stepwise variables and Wilks' lambda 
values which show the variables which discriminate best between the different 
categories) following the approach of Hart (1994) and Darby and Hart (1994). This 
iterative approach also involves the removal of mis-classified samples until 100% 
classification accuracy is achieved overall and in each category, allowing the 
generation of a perfect algorithm; it is from this algorithm that the variable loadings 
which characterise each category are derived. 
There are many other multivariate techniques that could be applied to the dataset, 
some of these may prove useful, particularly those which have been used successfully 
in ecology, e. g. correspondence analysis. 
Other possibilities for further work include the taxonomic study of the palynomorphs, 
and the multivariate correlation of this information with the palynofacies data in order 
to try and better establish the environmental preferences of different taxa. The use of 
polished palynological slides (allowing examination in both transmitted and reflected 
light) may result in the better discrimination and characterisation of black vs. brown 
phytoclasts using additional reflectance criteria; it may also prove useful to subdivide 
the light and dark brown phytoclasts in order to add extra palaeoenvironmental and 
geochemical information (cf. Tuweni & Tyson, 1994). A study of the molecular 
biomarker geochemistry of the samples used in this study would allow an interesting 
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Appendix I: 'Dummy' variables 
Key to abbreviations used in column headers: 
Thum = total number 
Samno = sample number 
Basin = basin of deposition 
Sequence = major sequence of Morton 
Cycle = minor sequence of Morton 
Strat = stratigraphic order 
Lith = lithology 
Dlith = dominant lithology 
Shells = shell abundance 
Bioturb = bioturbation level 
Colour = shale colour 
shaleT = shale type 
Env = environment 
Lithofac = lithofacies 
Biofac = biofacies 
Palyfac = palynofacies 
Salinity = ostracod-derived salinity 
Prox-dist = proximal-distal unit 
The keys to the numbers in each of the categories can be found in Tables 2.23 to 2.27. 
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Appendix I: 'Dummy' variables 
Key to abbreviations used in column headers: 
Thum. = total number 
Samno = sample number 
Basin = basin of deposition 
Sequence = major sequence of Morton 
Cycle = minor sequence of Morton 
Strat = stratigraphic order 
Lith = lithology 
Dlith = dominant lithology 
Shells = shell abundance 
Bioturb = bioturbation level 
Colour = shale colour 
shaleT = shale type 
Env = environment 
Lithofac = lithofacies 
Biofac = biofacies 
Palyfac = palynofacies 
Salinity = ostracod-derived salinity 
Prox-dist = proximal-distal unit 
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APPENDIX II 
Appendix II: Simple percentages of the kerogen count categories 
Key to abbreviations used in column headers (parameters all percentages based on 500 
counts per sample): 
SAMNO = sample number 
UNDIF% = undifferentiated palynomorphs 
BOT% = Bonyococcus 
FORAM% = Foraminiferal linings 
PLANK% = marine plankton 
SPORO% = sporomorphs 
AOM% = AOM 
FUNG% = fungal hyphae 
MEM% = membranes 
CUTIC% = cuticle 
USPSU% = pseudoamorphous non-biostructured brown wood 
USCO% = corroded non-biostructured brown wood 
USUN% = undegraded non-biostructured brown wood 
SDPT% = degraded pitted biostructured brown wood 
SDBN% = degraded banded biostructured brown wood 
SDSP% = degraded striped biostructured brown wood 
SDSR% = degraded striate biostructured brown wood 
STDEG% = total degraded biostructured brown wood 
SUPT% = undegraded pitted biostructured brown wood 
SUBN% = undegraded banded biostructured brown wood 
SUSP% = undegraded striped biostructured brown wood 
SUST% = undegraded striate biostructured brown wood 
STUND% = total undegraded biostructured brown wood 
BLKLAT% = lath shaped black wood 
BLKEQUI% = equant shaped black wood 
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Appendix II: Simple percentages of the kerogen count categories 
Key to abbreviations used in column headers (parameters all percentages based on 500 
counts per sample): 
SAMNO = sample number 
UNDIF% = undifferentiated palynomorphs 
BOT% = Botryococcus 
FORAM% = Foraminiferal linings 
PLANK% = marine plankton 
SPORO% = sporomorphs 
AOM% = AOM 
FUNG% = fungal hyphae 
MEM% = membranes 
CUTIC% = cuticle 
USPSU% = pseudoamorphous non-biostructured brown wood 
USCO% = corroded non-biostructured brown wood 
USUN% = undegraded non-biostructured brown wood 
SDPT% = degraded pitted biostructured brown wood 
SDBN% = degraded banded biostructured brown wood 
SDSP% = degraded striped biostructured brown wood 
SDSR% = degraded striate biostructured brown wood 
STDEG% = total degraded biostructured brown wood 
SUPT% = undegraded pitted biostructured brown wood 
SUBN% = undegraded banded biostructured brown wood 
SUSP% = undegraded striped biostructured brown wood 
SUST% = undegraded striate biostructured brown wood 
STUND% = total undegraded biostructured brown wood 
BLKLAT% = lath shaped black wood 
BLKEQUI% = equant shaped black wood 
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Appendix II: Simple percentages of the kerogen count categories 
Key to abbreviations used in column headers (parameters all percentages based on 500 
counts per sample): 
SAMNO = sample number 
UNDIF% = undifferentiated palynomorphs 
BOT% = Botryococcus 
FORAM% = Foraminiferal linings 
PLANK% = marine plankton 
SPORO% = sporomorphs 
AOM% = AOM 
FUNG% = fungal hyphae 
MEM% = membranes 
CUTIC% = cuticle 
USPSU% = pseudoamorphous no: -biostructured brown wood 
USCO% = corroded non-biostructured brown wood 
USUN% = undegraded non-biostructured brown wood 
SDPT% = degraded pitted biostructured brown wood 
SDBN% = degraded banded biostructured brown wood 
SDSP% = degraded striped biostructured brown wood 
SDSR% = degraded striate biostructured brown wood 
STDEG% = total degraded biostructured brown wood 
SUPT% = undegraded pitted biostructured brown wood 
SUBN% = undegraded banded biostructured brown wood 
SUSP% = undegraded striped biostructured brown wood 
SUST% = undegraded striate biostructured brown wood 
STUND% = total undegraded biostructured brown wood 
BLKLAT% = lath shaped black wood 
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APPENDIX III 
Appendix M: Simple percentages of the palynomorph count categories 
Key to abbreviations used in column headers (parameters all percentages based on 300 
counts per sample): 
SAMNO = sample number 
%TNWS = thin-walled spores 
%TKWS = thick-walled spores 
%UPOL = unidentified pollen 
%CALL = Callialasporites 
%CEREB = Cerebropollenites 
%BISAC = bisaccates 
%UDIN = unidentified dinocysts 
%SMD = very poorly preserved dinocysts 
%NAN = Nannoceratopsis 
%CAD = Caddasphaera 
%BAT = Batiacasphaera 
%PRV = Parvocysta 
%DIS = Dissiliodinium 
%CTE = Ctenidodinium 
%DUR = Durotrigia 
%MEI = Meiurogonyaulax 
%G. T. = other gonyaulacacean dinocysts 
%PAR = Pareodinia 
%SEN = Sentusidinium 
%JMAN = Jansonia manifesta 
%RHY = Rhychodiniopsis 
%ADNAT = Adnatosphaeridium 
%DIN = total dinocysts 
%AC = acritarchs 
%TAS = Tasmanites-type prasinophytes 
%LEI = leiospheres 
%BOT = Botryococcus 
%UNDIF = undifferentiated 
Blank rows represent samples not counted for palynology, blank columns mean that 
the category was not counted in that formation (particularly common in the dinocyst 
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Appendix 111: Simple percentages of the palynomorph count categories 
Key to abbreviations used in column headers (parameters all percentages based on 300 
counts per sample): 
SAMNO = sample number 
%TNWS = thin-walled spores 
%TKWS = thick-walled spores 
%UPOL = unidentified pollen 
%CALL = Callialasporites 
%CEREB = Cerebropollenites 
%BISAC = bisaccates 
%UDIN = unidentified dinocysts 
%SMD = very poorly preserved dinocysts 
%NAN = Nannoceratopsis 
%CAD = Caddasphaera 
%BAT = Batiacasphaera 
%PRV = Parvocysta 
%DIS = Dissiliodiniu, n 
%CTE = Ctenidodinium 
%DUR = Durotrigia 
%MEI = Meiurogonyaulax 
%G. T. = other gonyaulacacean dinocysts 
%PAR = Pareodinia 
%SEN = Sentusidinium 
%JMAN = Jansonia manifesta 
%RHY = Rhychodiniopsis 
%ADNAT = Adnatosphaeridium 
%DIN = total dinocysts 
%/AC = acritarchs 
%TAS = Tasmanites-type prasinophytes 
%LEI =leiospheres 
%BOT = Botryococcus 
%UNDIF = undifferentiated 
Blank rows represent samples not counted for palynology, blank columns mean that 
the category was not counted in that formation (particularly common in the dinocyst 
categories that are often formation specific). 
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Appendix III: Simple percentages of the palynomorph count categories 
Key to abbreviations used in column headers (parameters all percentages based on 300 
counts per sample): 
SAMNO = sample number 
%TNWS = thin-walled spores 
%TKWS = thick-walled spores 
%UPOL = unidentified pollen 
%CALL = Callialasporites 
%CEREB = Cerebropollenites 
%BISAC = bisaccates 
%UDIN = unidentified dinocysts 
%SMD =very poorly preserved dinocysts 
%NAN = Nannoceratopsis 
%CAD = Caddasphaera 
%BAT = Batiacasphaera 
%PRV = Parvocysta 
%DIS = Dissiliodinium 
%CTE = Ctenidodinium 
%DUR = Durotrigia 
%MEI = Meiurogonyaulax 
%G. T. = other gonyaulacacean dinocysts 
%PAR = Pareodinia 
%SEN = Sentusidinium 
%JMAN = Jansonia manifesta 
%RHY = Rhychodiniopsis 
%ADNAT = Adnatosphaeridium 
%DIN = total dinocysts 
%AC = acritarchs 
%TAS = Tasmanites-type prasinophytes 
%LEI = leiospheres 
%BOT = Botryococcus 
%UNDIF = undifferentiated 
,, 
Blank rows represent samples not counted for palynology, blank columns mean that 
the category was not counted in that formation (particularly common in the dinocyst 
categories that are often formation specific). 
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APPENDIX IV 
Appendix IV: Parameters derived from the kerogen counts (also includes the 
results of the geochemical analyses). 
Key to abbreviations used in column headers (parameters expressed as a percentage 
unless otherwise stated): 
Samno = sample number 
TOC = total organic carbon 
phytoc ='phytoc' parameter (not percentage) 
HI = hydrogen index (mgHC/gTOC) 
S2 = S2 value (mgHC/g rock) 
Tmax = Tmax value (°C) 
fluor = fluorescence value (from the scale in Table 2.4) 
AOM = AOM of kerogen 
tphy = phytoclasts of kerogen 
tp? ly = palynomorphs of kerogen 
stri/bstb = striate of biostructured brown wood 
stp/bstb = striped of biostructured brown wood 
ban/bstb = banded of biostructured brown wood 
pit/bstb = pitted of biostructured brown wood 
und/bstb = undegraded of biostructured brown wood 
deg/bstb = degraded of biostructured brown wood 
lt/blk = lath of black wood 
eq/blk = equant of black wood 
blk/phy = black wood of phytoclasts 
br/phy = brown wood of phytoclasts 
co/nbbr = corroded of non-biostructured brown wood 
udlnbbr = undegraded of non-biostructured brown wood 
psu/nbbr = pseudoamorphous ofnon-biostructured brown wood 
cu/phy = cuticle ofphytoclasts 
me/phy = membranes ofphytoclasts 
bstr/br = biostructured of brown wood 
nbstr/br = non-biostructured of brown wood 
sp/pal = sporomorphs ofpalynomorphs 
mp/pal = marine plankton ofpalynomorphs 
und/pal = undifferentiated of palynomorphs 
lbr/blk = log ratio brown: black wood 
lbstr/nbst = log ratio biostructured: non-biostructured brown wood 
#leq/lat = log ratio black equant: lath wood calculated out of a count total of a 
minimum of 50 particles 
lstst/bp = log ratio striate and striped: banded and pitted biostructured brown wood 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to the value in one category being zero 
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Appendix IV: Parameters derived from the kerogen counts (also includes the 
results of the geochemical analyses). 
Key to abbreviations used in column headers (parameters expressed as a percentage 
unless otherwise stated): 
Samno = sample number 
TOC = total organic carbon 
phytoc ='phytoc' parameter (not percentage) 
HI = hydrogen index (mgHC/gTOC) 
S2 = S2 value (mgHC/g rock) 
Tmax = Tmax value (°C) 
fluor = fluorescence value (from the scale in Table 2.4) 
AOM = AOM of kerogen 
tphy = phytoclasts of kerogen 
tpaly = palynomorphs of kerogen 
stri/bstb = striate ofbiostructured brown wood 
stp/bstb = striped of biostructured brown wood 
ban/bstb = banded of biostructured brown wood 
pit/bstb = pitted of biostructured brown wood 
und/bstb = undegraded of biostructured brown wood 
deg/bstb = degraded- of biostructured brown wood 
lt/blk = lath of black wood 
eq/blk = equant of black wood 
blk/phy = black wood of phytoclasts 
br/phy = brown wood of phytoclasts 
co/nbbr = corroded of non-bio structured brown wood 
ud/nbbr = undegraded ofnon-biostructured brown wood 
psu/nbbr = pseudoamorphous of non-bio structured brown wood 
cu/phy = cuticle ofphytoclasts 
me/phy = membranes ofphytoclasts 
bstr/br = biostructured of brown wood 
nbstr/br = non-biostructured of brown wood 
sp/pal = sporomorphs ofpalynomorphs 
mp/pal = marine plankton ofpalynomorphs 
und/pal = undifferentiated of palynomorphs 
lbr/blk = log ratio brown: black wood 
lbstr/nbst = log ratio biostructured: non-biostructured brown wood 
#leq/lat = log ratio black equant: lath wood calculated out of a count total of a 
minimum of 50 particles 
lstst/bp = log ratio striate and striped: banded and pitted biostructured brown wood 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to the value in one category being zero 
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Appendix IV: Parameters derived from the kerogen counts (also includes the 
results of the geochemical analyses). 
Key to abbreviations used in column headers (parameters expressed as a percentage 
unless otherwise stated): 
Samno = sample number 
TOC = total organic carbon 
phytoc = 'phytoc' parameter (not percentage) 
HI = hydrogen index (mgHC/gTOC) 
S2 = S2 value (mgHC/g rock) 
Tmax = Tmax value (°C) 
fluor = fluorescence value (from the scale in Table 2.4) 
AOM = AOM of kerogen 
tphy = phytoclasts of kerogen 
tpaly = palynomorphs of kerogen 
stri/bstb = striate of biostructured brown wood 
stp/bstb = striped of biostructured brown wood 
ban/bstb = banded of biostructured brown wood 
pit/bstb = pitted of biostructured brown wood 
und/bstb = undegraded of biostructured brown wood 
deg/bstb = degraded of biostructured brown wood 
lt/bik = lath of black wood 
eq/blk = equant of black wood 
blk/phy = black wood of phytoclasts 
br/phy = brown wood of phytoclasts 
co/nbbr = corroded of non-biostructured brown wood 
udlnbbr = undegraded of non-bio structured brown wood 
psu/nbbr = pseudoamorphous of non-bio structured brown wood 
cu/phy = cuticle of phytoclasts 
me/phy = membranes ofphytoclasts 
bstr/br = biostructured of brown wood 
nbstr/br = non-biostructured of brown wood 
sp/pal = sporomorphs ofpalynomorphs 
mp/pal = marine plankton of palynomorphs 
und/pal = undifferentiated ofpalynomorphs 
lbr/blk = log ratio brown: black wood 
lbstr/nbst = log ratio biostructured: non-biostructured brown wood 
#leq/lat = log ratio black equant: lath wood calculated out of a count total of a 
minimum of 50 particles 
lstst/bp = log ratio striate and striped: banded and pitted biostructured brown wood 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to the value in one category being zero 
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APPENDIX V 
Appendix V: Parameters derived from the palynomorph counts 
Key to abbreviations used in column headers (percentage parameters unless otherwise 
stated): 
SAMNO = sample number 
bot = Botryococcus of palynomorphs 
undif = undifferentiated of palynomorphs 
nip = marine plankton of palynomorphs 
sporo = sporomorphs ofpalynomorphs 
tnw/sp = thin-walled of spores 
tkw/sp = thick-walled of spores 
sp/spor = spores of sporomorphs 
up/tp = unidentified of pollen 
cal/tp = Callialasporites of pollen 
cer/tp = Cerebropollenites of pollen 
bis/tp = bisaccates of pollen 
tp/spor = pollen of sporomorphs 
ud/td = unidentified of dinocysts 
smd/td = very poorly preserved of dinocysts 
nan/td = Nannoceratopsis of dinocysts 
cad/td = Caddasphaera of dinocysts 
bat/td = Batiacasphaera of dinocysts 
prv/td = Parvocysta of dinocysts 
dis/td = Dissiliodinium of dinocysts 
cte/td = Ctenidodinium of dinocysts 
dur/td = Durotrigia of dinocysts 
mei/td = Meiurogonyaulax of dinocysts 
gt/td = other gonyaulacacean type of dinocysts 
par/td = Pareodinia of dinocysts 
sen/td = Sentusidinium of dinocysts 
jman/td = Jansonia manifesta of dinocysts 
rhy/td = Rhychodiniopsis of dinocysts 
adnat/td = Adnatosphaeridium of dinocysts 
dindiv = dinocyst diversity (number of genera present, only calculated for main 
lagoonal formations) 
dindom = dinocyst dominance (only calculated for main lagoonal formations) 
din/mp = dinocysts of marine plankton 
ac/mp = acritarchs of marine plankton 
tas/mp = Tasmanites type prasinophyte marine plankton 
lei/nip = leiospheres of marine plankton 
lspor/mp = log ratio sporomorphs: marine plankton 
lacr/din = log ratio acritarchs: dinocysts 
lup/bis = log ratio unidentified pollen: bisaccates 
lspore/bis = log ratio spores: bisaccates 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to value in one category being zero 
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Appendix V: Parameters derived from the palynomorph counts 
Key to abbreviations used in column headers (percentage parameters unless otherwise 
stated): 
SAMNO = sample number 
bot = Botryococcus of palynomorphs 
undif = undifferentiated of palynomorphs 
nip = marine plankton ofpalynomorphs 
sporo = sporomorphs ofpalynomorphs 
tnw/sp = thin-walled of spores 
tkw/sp = thick-walled of spores 
sp/spor = spores of sporomorphs 
up/tp = unidentified of pollen 
cal/tp = Callialasporites ofpolle:,,: 
cer/tp = Cerebropollenites of pollen 
bis/tp = bisaccates of pollen 
tp/spor = pollen of sporomorphs 
ud/td = unidentified of dinocysts 
smdltd = very poorly preserved of dinocysts 
nan/td = Nannoceratopsis of dinocysts 
cad/td = Caddasphaera of dinocysts 
bat/td = Batiacasphaera of dinocysts 
prv/td = Parvocysta of dinocysts 
dis/td = Dissiliodinium of dinocysts 
cte/td = Ctenidodinium of dinocysts 
dur/td = Durotrigia of dinocysts 
mei/td = Meiurogonyaulax of dinocysts 
gt/td = other gonyaulacacean type of dinocysts 
par/td = Pareodinia of dinocysts 
sen/td = Sentusidinium of dinocysts 
jman/td = Jansonia manifesta of dinocysts 
rhy/td = Rhychodiniopsis of 
dinocysts 
adnat/td = Adnatosphaeridium of 
dinocysts 
dindiv = dinocyst diversity (number of genera present, only calculated for main 
lagoonal formations) 
dindom = dinocyst dominance (only calculated for main lagoonal formations) 
din/mp = dinocysts of marine plankton 
ac/mp = acritarchs of marine plankton 
tas/mp = Tasmanites type prasinophyte marine plankton 
lei/mp = leiospheres of marine plankton 
lspor/mp = log ratio sporomorphs: marine plankton 
lacr/din = log ratio acritarchs: dinocysts 
lup/bis = log ratio unidentified pollen: bisaccates 
lspore/bis = log ratio spores: bisaccates 
#NTJM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to value in one category being zero 
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Appendix V: Parameters derived from the palynomorph counts 
Key to abbreviations used in column headers (percentage parameters unless otherwise 
stated): 
SAMNO = sample number 
bot = Botryococcus of palynomorphs 
undif = undifferentiated of palynomorphs 
mp = marine plankton of palynomorphs 
sporo = sporomorphs ofpalynomorphs 
tnw/sp = thin-walled of spores 
tkw/sp = thick-walled of spores 
sp/spor = spores of sporomorphs 
up/tp = unidentified of pollen 
cal/tp = Callialasporites of pollee, 
cer/tp = Cerebropollenites of pollen 
bis/tp = bisaccates of pollen 
tp/spor = pollen of sporomorphs 
ud/td = unidentified of dinocysts 
smd/td = very poorly preserved of dinocysts 
nan/td = Nannoceratopsis of dinocysts 
cad/td = Caddasphaera of dinocysts 
bat/td = Batiacasphaera of dinocysts 
prv/td = Parvocysta of dinocysts 
dis/td = Dissiliodinium of dinocysts 
cte/td = Ctenidodinium of dinocysts 
dur/td = Durotrigia of dinocysts 
mei/td = Meiurogonyaulax of dinocysts 
gt/td = other gonyaulacacean type of dinocysts 
par/td = Pareodinia of dinocysts 
sen/td = Sentusidinium of dinocysts 
jman/td = Jansonia manifesta of dinocysts 
rhy/td = Rhychodiniopsis of dinocysts 
adnat/td = Adnatosphaeridium of dinocysts 
dindiv = dinocyst diversity (number of genera present, only calculated for main 
lagoonal formations) 
dindom = dinocyst dominance (only calculated for main lagoonal formations) 
din/mp = dinocysts of marine plankton 
ac/mp = acritarchs of marine plankton 
tas/mp = Tasmanites type prasinophyte marine plankton 
lei/mp = leiospheres of marine plankton 
lspor/mp = log ratio sporomorphs: marine plankton 
lacr/din = log ratio acritarchs: dinocysts 
lup/bis = log ratio unidentified pollen: bisaccates 
lspore/bis = log ratio spores: bisaccates 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to value in one category being zero 
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Appendix V: Parameters derived from the palynomorph counts 
Key to abbreviations used in column headers (percentage parameters unless otherwise 
stated): 
SAMNO = sample number 
bot = Botryococcus of palynomorphs 
undif = undifferentiated of palynomoiphs 
MP = marine plankton ofpalynomorphs 
sporo = sporomorphs ofpalynomorphs 
tnw/sp = thin-walled of spores 
tkw/sp = thick-walled of spores 
sp/spor = spores of sporomorphs 
up/tp = unidentified of pollen 
cal/tp = Callialasrorites of pollen 
cer/tp = Cerebropollenites of pollen 
bis/tp = bisaccates of pollen 
tp/spor = pollen of sporomorphs 
ud/td = unidentified of dinocysts 
smd/td =very poorly preserved of dinocysts 
nan/td = Nannoceratopsis of dinocysts 
cad/td = Caddasphaera of dinocysts 
bat/td = Batiacasphaera of dinocysts 
prv/td = Parvocysta of dinocysts 
dis/td = Dissiliodinium of dinocysts 
cte/td = Ctenidodinium of dinocysts 
dur/td = Durotrigia of dinocysts 
mei/td = Meiurogonyaulaz of dinocysts 
gt/td = other gonyaulacacean type of dinocysts 
par/td = Pareodinia of dinocysts 
sen/td = Sentusidinium of dinocysts 
jman/td = Jansonia manifesta of dinocysts 
rhy/td = Rhychodiniopsis of dinocysts 
adnat/td = Adnatosphaeridium of dinocysts 
dindiv = dinocyst diversity (number of genera present, only calculated for main 
lagoonal formations) 
dindom = dinocyst dominance (only calculated for main lagoonal formations) 
din/mp = dinocysts of marine plankton 
ac/mp = acritarchs of marine plankton 
tas/mp = Tasmanites type prasinophyte marine plankton 
lei/mp = leiospheres of marine plankton 
lspor/mp = log ratio sporomorphs: marine plankton 
lacr/din = log ratio acritarchs: dinocysts 
lup/bis = log ratio unidentified pollen: bisaccates 
lspore/bis = log ratio spores: bisaccates 
#NUM = parameter not calculated due to missing value in one category 
#DIVO = parameter not calculated due to value in one category being zero 
Z O Ö Ö Ö Ö 
h 




































7 > > 7 7 > > 
> > > % % % % > 
O 
ö D Ö O O 0 O Ö O O O O O p Z 
a a as +a ac ýu sc se ac ac sa ec ae se a sa se 
ö ö ö ö ö ö r- ö ö ö ö ö Ei s ö 
v ö o M M v ui 9 m ýo m ro ýo ul (o n (o . - m N o ao o n 
N > > > > > > > > > > > > > > > 
O O D o c D O O D O D Ö O D D 
















> > > 
O 
> > > > 
N 5ý > 5i > 7 > > > 
N 
> > > > > 
.ý 
> Z O O Z O O O O O O O Ö Z O Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z 2 ý ý se =a se at ae ae se se # sa a se ae ý ýa yr ý sý ýº sý w aý a a +ý w w ý 












































0 E > > > > > > > > > 
ö ca ö ö FZ a 0 ö Ei E; 
a a* as a a % as is +a % 
N 
O O 0 0 0 0 9 9 O O O O O O O O O O t0 0 0 0 0 0 
o O O O O O O O O o O o o o o o o lF N o O o O O 
CL E 
0 
o 0 0 0 o o o o o o 0 0 0 0 0 0 o o o o o o 0 0 o ö O O d d o o o o o o o 0 0 0 0 0 o o o o d 0 a E 
A 
O 






























































































































































































o O O O , - 
O 
O O 




















! L1 1- M rý CO Lo Cl M M W! N 
0 
m 




















6 2 6 
0 0 - - 0 0 0 0 0 0 0 0 0 0 0 - > 
ä ý 'o 
1 




> > > > > > 
_ 






































































































































0 ö 0 ö 



































































































2 0 8 O O O Ü Ü O O O O O O O O O 0 9 01 01 J 
0 
-0 
cn U U U U 
Ü 
U U 
Ü Ü Ü 
U U 
Ü 
U U 0 U 
Ü 
U U U U - - - 
y 

































































a 0 12 12 a 
N t! ) O DO O ý"ý M M M er N t0 of m ý' r N O 111 Ui 00 IA O r {ý'1 N 
r O O 
o r 
Ö 
"- O O 
Ö Ö O O 0 0 0 0 - 4 
5 ; . - o Ö o 
O O O O O o Ö Ö d Ö Ö Ö 
> > 
Q 2i 0 
O ý O O 
N 
ý ý O O O O O O ý O 5 O O O O 5i O ý ý 5i ý ý 
C > > > > > > 
> > > > > > > > > > > 7 > > > > > > > > p > > > > > p Z Z p p Z > > > Z Z Z Z p Z Z p p p p p Z p Z p p Z Z p Z p Z p Z Z Z Z Z Z Z Z 

















- O O 
a0 

































> > > > > > > > > > > > > 
p p 12 p p O O O 0 0 Ö Ö p 
a a* as et se sa sA as sk % % ak as o« 
O O O O O O o O O! O O O O O O O O O O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
O O O O O O O O - o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 
a E 
- 
0 5 0 
5 ö o o o o O o o o o o 0 0 o O O O o o O O o o O o o o o O 




O r N r M 1D 0 t[1 tO 1, O N M at lt1 tp P pp p) O r N M ll1 f0 P Co 01 Z m 










p . - Y 










































Y '. N M U ýp ,., 
^ Q, 
























































J E J 
N 



























O 9 9 9 9 9 9 9 9 
. 
9 9 O 
> > ° > 
ä # 0 O D Ö Ö Ö Ö D 
Ö Ö C 82 Ö 
N se sc se sa as 





































0 2 2 2 2 0 
M d' N 
> > i i % 2 2: > > > > > > 
6 6 a 
1 
n o m a c a n n CL ik 3k 7t 7R 
. 
iR aQ it it i! # 
U Zk Zk e ek e e * # * % ik # 7t 






O E O O o - - N O o O o O - . O - O o - 





0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
a E 






















et t11 <0 h_ 
f 





























































Y Y Y Y Y Y Y Y Y Y N N N fn (A U) (n V) 
in 
N J J J J J J J J J J J J J J J 
O d N N N M N O N lD r d d r M M N O O M N r r O N N O M O y 
O O O O O O O o 0 0 0 0 0 O O O O O O O 0 O O O O O O 9 9 9 0 0 0 0 0 0 0 0 
m i > 0 0 rL 
N 
sý, as 
N r N N r O r r N N 10 t0 1ý m tt 10 t0 1[1 tp M M fý N N <'0 N N N r M N M M M 
O O O O O O o 0 0 0 0 0 0 0 0 0 0 0 0 0 - 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
N i 
CL 
n n m i' O d. m oo au ýo 5 
cV 
io 
e N - M (n IA d e- O) 9 ri t0 O 01 O 0) d c) 10 in in fD N t0 M Ill ei m N 00 10 N t0 t0 OD 9 00 
r o O O O Ö Ö Ö '- 0 0 0 0 " Ö . - O '- . - O O 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 
ö 
a N 
o O O O O O O O O O O O O o o O O O O o O O o O O o O C o O O C O o O O O 
0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o o o o o o o o O O o 
a E 
0) 
0 o O o 0 o O o O. O. o O o g o O o 0 o o O O o O o O o o q O o O o o q o 0 ö o o ö d ö o o o o o o o o o o d ö d ö 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 a E 
N 
















N N N N N N N M M M M M M M M 
Q O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O 
In 
y > > > > > > > > > > > > > > > > > > > > > > > > > > > 00 In m m 
y 
m 
q - . - N N 10 
`p 0 0 0 0 0 0 0 0 0 0 
m > > 
> 
ö O Q O 
y iß ýh i! 
«i lq: li Il! «i Ilt l' 9 
0 5 75 5 0 0 0 0 0 0 > > > 
Ei Ei 3 
A 
ý+f IA w! O) 9 ! t0 O 
0 0 0 0 0 - 
0 
a N 
O 0 0 0 0 0 0 
O 0 0 0 0 0 0 
a E 
0 0 0 0 0 0 0 




















V) V1 Vl ;; 
N m m in m m m in 02 m 02 
APPENDIX VI 
Appendix VI: Mean values of each geochemical, kerogen, and palynomorph 
parameter in each major stratigraphic unit (key to parameters in appendices N 
and V). 
Key to other abbreviations used in column headers: 
Unit = stratigraphic unit 
" DCSM = Dun Caan Shales Mbr. (Bearreraig Sst. Fm. ) 
USM = Udaim Shales Mbr. (Bearreraig Sst. Fm) 
HSM = Holm Sst. Mbr. (Bearreraig Sst. Fm) 
RSM = Rigg Sst. Mbr. (Bearreraig Sst. Fm. ) 
? GCM = ? Garantiana Clay Mbr. (Bearreraig Sst. Fm. ) 
BSF = Bearreraig Sst. Fm 
CSF = Cullaidh Shale Fm. 
ESF = Elgol Sst. Fm 
KM = Kildonnan Mbr. (Lealt Shales Fm) 
LM = Lonfeam Mbr. (Lealt Shales Fm) 
LSF = Lealt Shales Fm 
VSF = Valtos Sst. Fm 
DF = Duntulm Fm 
KF = Kilmaluag Fm 
SF = Skudiburgh Fm 
UOM = Upper Ostrea Mbr. (Staffin Bay Fm) 
BSM = Belemnite Sands Mbr. (Staffin Bay Fm) 
SBF = Stan Bay Fm. 
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APPENDIX VII 
APPENDIX VII: Sampling details 
Only those sections with samples included in the final dataset are 
shown; only the positions of samples included in the fmal dataset 
are shown. 
Key to Figures A7.1 to A7.12: 
Sample lithology 
I= shale 
2= silty shale 
3= shaley silt 
4= silt 
5= sandy silt 
6= silty sand 
7= argillaceous sand 
8= clean sand 
9= limestone 
10 = shaley limestone 
11 = argillaceous limestone 
12 = sandy limestone 
13 = sandy shale 
14 = shaley sand 
15 = clay-mudstone 
Sample point and code 
KE2 
Any lithostratigraphic boundaries 
are also shown 








































































































BBU21 & 22 
BBU20 
BBU18&19 





















Stream bend section 
(locality 5 of Hudson & Morton, 1969) 
Fig. A7.2. Sample details for the Udairn Shales-Holm Sst. Mbrs. (Bearreraig Sst. Fm. ) type section, 






















beM, sen main and second vsterfalls 
(locality 7 of Hudson & Morton, 1969) 
Near top of steps 
567 
Sample Ilthology 
Fig. A7.3. Sample details for the Rigg Sst. Mbr. (Bearreraig Sst. Fm. ) type section, Bearreraig 
Bay, Skye (locality 1 of this study), and the section in the Bearreraig Sst. Fm. at Beinn na Leac, 




Plpe-lins cutting section 




Gap ?? m 
1234 56 78 
Sample Ilthology 
























Division IV of 
Harris (1992) 
















1Garantlana Clay Member 
(Bearreralg Sat Fm. ) 
13579 11 13 
2468 10 12 14 
Semple low logy 
Fig. Al. 4. Sample details for the section through the ? Garantiana Clay Mbr. -Cullaidh Shale 
Fm. -Elgol Sst. Fm. at Braes, Raasay (locality 5 of this study), and the type section of the 
'altos 
Sst. Fm. at the cliff. below Valtos, Skye (locality 9 of this study). 
1 
Bed numbers (Wakefield, 1991) 
KE24 & 25 
KE23 






















































Fig. A7.5. Sample details for the Kildonnan Mbr. (Lealt Shales Fm. ) type section, Kildonnan, Eigg (locality 6 of this study). ** = marker bed. 
123458789 10 11 
Sample lithology 





Fig. A7.6. Sample details for the Lonfearn Mbr. (Lealt Shales Fm. ) section, Ruhda Nam 













CGD38 & 39 
CGD37 














CGD18 & 19 
CGD14.15, & 18 
CGD12 












Fig. A7.7. Sample details for the lower (foreshore) part of the Duntulm Fm. type section, Cairidh Ghlumaig, Skye (locality 10 of this study). 



















Fig. A7.8. Sample details for the middle (Cliff) section of the Duntulm Fm. type section, 
Cairidh Ghlumaig, Skye (locality 10 of this study). 
ontinuwd from 
190) 
LOK38 & 39 
LOK37 
LOK36 
LOK34 & 35 
LOK33 




















LOD8,9 & 10 
LOD4, LODE, 























of cliff section) 
LOD1' 
Fig. A7.9. Sample details for the upper part of the Duntulm Fm. type section, Lon Ostatoin, Skye (locality 11 of this study). 
13579 11 13 15 2468 10 12 14 
Sampl. Ilthology 
































Fig. A7.10 Sample details for the sections of the Duntulm Fm. at Loch Bay river mouth 
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123456789 10 5 
Sample lithology 
Fig. A7.11. Sample details for the type section of the Kilmaluag Fm., Kilmaluag Bay, Skye 
(locality 14 of this study), and sections of the Skudiburgh Fm. at Skudiburgh Bay and Staffin 















































Fig. A7.12. Sample details for the Staffin Bay Fm. type section, Staffin Bay, Skye 
(locality 18 of this study). 
